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Today’s challenging requirements for supersonic rocket 
power sources capable of superior performance depend 
heavily for their fulfillment upon continuous research 
in previously unexplored chemical fields. 


In RMI’s new, completely equipped chemistry labora- 
tories, important research projects are continuously 
contributing to the advancement of rocket technology 
through the development of new high-energy liquid and 
solid propellants and through the investigation of other 
areas of rocket technology dependent upon chemistry 
for their improvement. Thus, in designing and produc- 
ing new rocket engines for many important applications, 
RMI is providing vital assistance to its own engineers 
and the rocket industry through chemical research. 


Career Opportunities — RMI provides an ideal stimulating en- 
vironment for chemists with imaginative, inquisitive minds. Chal- 
lenging job opportunities are constantly arising in the expanding 
fields of synthetic organometallic chemistry, polymer chemistry, 
solid propellant processing and solid propellant evaluation. Send 
complete resume to Employment Manager. 
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Scope of JET PROPULSION 


Jer Propuxsion, the Journal of the American Rocket Society, is 
devoted to the advancement of the field of jet propulsion through the 
publication of original papers disclosing new knowledge and new de- 
yelopments. The term ‘‘jet propulsion” as used herein is understood 

to embrace all engines that develop thrust by rearward discharge of a 
jet through a nozzle or duct; and thus it includes systems utilizing 
atmospheric air and underwater systems, as well as rocket engines. 
Jer PROPULSION is open to contributions, either fundamental or ap- 
plied, dealing with specialized aspects of jet and rocket propulsion, 
such as fuels and propellants, combustion, heat transfer, high tem- 
perature materials, mechanical design analyses, flight mechanics of 
jet-propelled vehicles, astronautics, and so forth. Jet PRoPULSION 
endeavors, also, to keep its subscribers informed of the affairs of the 
Society and of outstanding events in the rocket and jet propulsion 
field. 


Limitation of Responsibility 


Statements and opinions expressed in Jet PROPULSION are to be 


understood as the individual expressions of the authors and do not — 


necessarily reflect the views of the Editors or the Society. 


Subscription Rates 


One year (twelve monthly issues)...............-..0000- $12.50 

Foreign countries, additional postage............... add .50 
Special issues, single copies..................cceeeeceees 2.50 


Change of Address 


Notices of change of address should be sent to the Secretary of the 
Society at least 30 days prior to the date of publication. 


Information for Authors 


Manuscripts must be double spaced on one side of paper only with 
wide margins to allow for instructions to printer. Submit two copies: 
original and first carbon. Include a 100-200 word abstract of paper. 
The title of the paper should be brief to simplify indexing. The 
author’s name should be given without title, degree, or honor. A 
footnote on the first page should indicate the author’s position and 
affiliation. Include only essential illustrations, tables, and mathe- 
matics. References should be grouped at the end of the manuscript; 
footnotes are reserved for comments on the text. Use American 
Standard symbols and abbreviations published by the American 
Standards Association. Greek letters should be identified clearly for 
the printer. References should be given as follows: For Journal 
Articles: Authors, Title, Journal, Volume, Year, Page Numbers. 
For Books: Author, Title, Publisher, City, Edition, Year, Page 
Numbers. Line drawings must be made with India ink on white 
paper or tracing cloth. Lettering on drawings should be large 
enough to permit reduction to standard one-column width, except 
for unusually complex drawings where such reduction would be pro- 
hibitive. Photographs should be clear, glossy prints. Legends must 


accompany each illustration — and should ‘be listed i in order 


on a separate sheet of paper. 
Security Clearance 


Manuscripts must be poetvonniled by written assurance as to 
security clearance in the event the subject matter of the manuscript 
is considered to lie in a classified area. Alternatively, written assur- 
ance that clearance is unnecessary should be submitted. Full respon- 
sibility for obtaining authoritative clearance rests with the author. 
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accurate flow data during testing of aircraft, engines, rocket motors, and eeu 
systems. 


LINEARITY WITHIN %% over an exceptionally wide range, as well as long life in 

difficult service, is obtained through hydraulic positioning of the unique “floating 

rotor”. This patented design feature, found only in the Pottermeter, completely 

eliminates thrust friction and does away with inaccuracy and maintenance prob- 
lem due to bearing wear. 


APPLICATIONS include reciprocating, jet and rocket engine test cells and 
flight test work. Pottermeters are also in wide use in. handling aircraft and 
rocket fuels, acids, liquified gases and abrasive suspensions. 


WRITE for bulletin S-1 giving a complete description and performance data. 
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History’s first man-made satellite is scheduled for 
flight by mid-1957. Much of its success will depend 
upon almost unbelievably accurate mechanical 
power transmission equipment, such as the intricate 
mechanism shown here which WesTERN GEaR de- 
signed and manufactured for classified missile and 
rocket application. 


If yours is a problem requiring utmost precision in 
the transmission of motion or torque through mechan- 
ical means, WEsTERN Gear is confident of its ability 
to solve it. Sixty-seven years of experience is avail- 
able without obligation. Address General Offices, 
Western Gear, P. O. Box 182, Lynwood, California. 
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“The difference is reliability” * Since 1888 


Out of this world engineering... 
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Fuming Nitric Acid Container 


CAMBRIDGE 
“CONTAINER 


THAT FITS YOUR PICTURE 


Whatever your needs...Cambridge production 
built products will provide the confidence factor for 
your systems requirements. 


2160 Gallon Liquid Oxygen Container AM B R D GE 
Caton Peroxide Storage Ta CORPORATION 


920 SANTA MONICA BLVD. INDUSTRIAL PARK 
SANTA MONICA, CALIF. LOWELL, MASSACHUSETTS 


&, 
> > 
- 
50 Gallon 
4 
= 
— __ Cambridge products are engineered for utility, dependability 
> long service life. 
Se: bey Thorough inspection and testing throughout the 
ee 5 Liter Liquid Oxygen Container _ manufacturing cycle achieves the quality and efficiency that 
4 
means profitable operation for you. 


Marcu 1956 


For want of a nail the shoe is lost, 
for want of a shoe the horse is lost, 
for want of a horse the rider is lost. 


George Herbert’s statement applies to electronics 5 : 


today as it did to riders three centuries ago. The z 
point may be illustrated by considering a vital — 


the shale unit may peyer with it a strategic 


military mission. 


The problem of reliability is becoming increasingly 


important as science of electronics advances. 


at the same time, the requirements call for sails 4 
dimensions. Notwithstanding environmental — 


extremes of an order hitherto unknown, every 


resistor, capacitor and relay must perform reliably. 


Each “nail” is critical. 


That is why RCA is continuing its vigorous search 
for ways and means to increase the reliability of 
every component in an electronic unit. This pro- 
gram never ceases. It follows through from design 
to field evaluation. Everything learned is immedi- 


ately applied to current developmentand production. 


In seeking a degree of electronic perfection never 
before attained, RCA joins hands with others in 
this field. This matter of reliability is an industry 
challenge to be met by ingenuity, brain power 


and engineering knowledge wherever it is found. 


RADIO CORPORATION of AMERICA 


CAMDEN, N.J. 
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_ WITH HEILAND SERIES 700 RECORDING OSCILLE 


The new Heiland magnet assembly with its subminiature galva- 
-nometers for use with the New Series 700-C Oscillograph gives 
you more channels, broader frequency range, and higher sensitivi- 


ig es The new sub-miniature galvanometers sit side by side in a minimum 


eters and damping resistor networks are easily accessible from the 

_ front of the oscillograph through a hinged cover door. Galvanome- 
ae? ters with a broad range of sensitivities are available in frequencies 
up to 5000 CPS. The lower frequency galvanometers require as little 
ee as 4 microamperes per inch of deflection. 


- Both the 708-C and 712-C Models feature record speeds from 
,03”"/sec. through 144”/sec. 


e 
e 


Heiland 700-C Recording Oscillozraphs 

> will expand the scope of your dynamic 
recording. For complete details, write for 
Bulletin No. 700-CM2. 


A DIVISION OF MINNEAPOL 


HONEYWELL 


5200 E. Evans, Denver 22) Colo 


put as many as 60 simultaneous traces on a 12-inch record / 
708-C carries up to 36 channels on an 8 inch record. The galvz 
tha 


Rocket power for intercontinental — 
guided missiles is here 


Ten years ago this degree of power 
did not exist... but the future of 
our nation’s guided missile program 
demanded it. 

So when the RocKETpYNE Division 
of North American Aviation, Inc., 
was given the task of creating such 
engines, they had to start practically 
from scratch. This meant new designs 
~including improved cooling meth- 
ods and manufacturing techniques — 
that permitted temperatures greater 
than blast-furnace heat inside the 


ROCKETDYNE 


engine, yet kept the outside cool 
enough to touch. 

Engineers studied available fuels 
so that engine designs could extract 
maximum energy from every gallon. 
This called for new pumps...and 
turbines to drive them. Turbines, 
more powerful than 10 auto engines 
yet smaller than a car battery, were 
built. The completed engines, tested 
at ROocKETDYNE's propulsion field 
laboratory in the nearby Santa 
Susana Mountains, have passed the 


BUILDERS OF POWER FOR 
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rugged requirements of space flight. _ 
This 10 year backlog of experience _ 
in all phases of rocket engine develop- _ 
ment and manufacture has made © 
ROcCKETDYNE the leading supplier of 
large, liquid-propellant rocket engines 
to our Armed Services and the igo ) 
missile industry. 
ROCKETDYNE will welcome inquiries 
from engineers interested in this new py it 
field. Write RocKETDYNE, Personnel 
Manager, Dept. R-1, 6633 
Ave., Canoga Park, California. 


A Division of 
North American Aviation, Inc. 


Security restrictions permit us to show you only this unclassified Rocketdyne engine, a forerunner of today’s more powerful units. . peas 
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REDUCTION GEAR 


REMOVABLE PLUG 


CONTROL ROD 
MECHANISMS 


What Is It? The Closed-Cycle Gas-Cooled Reactor 
is a reactor whose principle of operation is based on 
the concept of the use of a gas under pressure as the 
working fiuid for direct transfer of energy from the 
reactor to a turbine. The gas used is nitrogen, carbon 
dioxide or helium. The closest analogous commonly 
known reactor type is the “boiling water” reactor. 


Ford Instrument Company’s Position: Ford Instru- 
ment has been conducting studies into the nature 
and prospects of this type of reactor and believes it 
to have many advantages as a nuclear power source. 
Findings Indicate This Reactor Type Has: 

1. Low cost—for both installation and kw-h output. 
2. High thermal efficiency, with efficiency relatively 


see of level of power output; i.e., high effi- 
ciency at men load. 


A SCHEMATIC OF THE 
CLOSED-CYCLE 
GAS-COOLED REACTOR 


101 
FORD INSTRUMENT COMPANY 


DIVISION OF SPERRY RAND CORPORATION 
a 10 Thomson Ave., Long Island City 1, N.Y. 


Model of a closed-cycle gas-cooled reactor power plant designed by Ford Instrument in conjunction with American Turbine Company. 


THE CLOSED-CYCLE GAS-COOLED REACTOR © 
...@ progress report from Ford Instrument 


GENERATOR-EXCITER COMPRESSOR -TURBINE 


COMPRESSOR INTERCOOLER 


RECUPERATOR 


REGULATING SYSTEM 


3. High power capacity. The study indicates that 
— capacity can be over 200 megawatts (output) 
rom a single unit. \ 


4. Extreme simplicity of operation. 


5. Maximum safety. The nature of the working fluid 
used, with its freedom from phase change, means 
that provisions for containment in the event of an 
“incident” are simple, and that protection against 
incidents is simultaneously enhanced. The closed- 
cycle design precludes contamination of the atmos- 
phere. 

6. A minimum of moving parts. In this design, pump- 


ing power is provided by a turbo-compressor set, 
and no other pumps are required. 


For more information on this new type of reactor 
write Ford Instrument Company. 


SHIELDING WALL CONTAINMENT WALL 


TURBINE TWO-STAGE COMPRESSOR GENERATOR 
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The modern communications equipment 
involves much more than electronic circuit tech- 
niques. Keyboards and coders are often required 
to translate the intelligence to be transmitted into 
“machine language’ Recording and reproducing 
devices store intelligence until the equipment is 
ready to transmit it, or hold received intelligence 
until it can be translated back into human language 


by a printer or other output — device. 


The combination of such mechanical and electro- 


mechanical techniques with the better known but 
still developing techniques of electronic circuit 
design makes of modern communications a much 
broader field than is commonly recognized. When 
such technical tools are used to provide equipment 
tailored to our rapidly improving understanding of 
propagation phenomena and information theory, 
the resulting practical improvements in communi- 
cation are sometimes little short of — 


The growing communications activities of The Ramo- 

/ooldridge Corporation have generated requirements 
for additional physicists and engineers with substan- 
tial experience in research, development, or production 
engineering on advanced airborne and ground-based... 


« Communication, Navigation and ECM Systems 

¢ HF, VHF, and UHF Transmitters and Receivers 

Precision Electro-Mechanical Equipment 
Magnetic Recording Systems 
* Signal Analysis Equipment 
Video and Pulse Circuitry 


* Miniaturization and Packaging 


Part of Communications Equipment 
Pilot Production Activities 
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(... figuratively spooling) 


Though you won’t actually see any pedestals at the 
GE Propulsion Center in Cincinnati, you can’t be aroun 
here twenty-four hours without realizing the respect 

for the engineer that permeates the organization. 


This is not lip service to an ideal. It’s a lusty actuality, 
proving its existence in many concrete ways. 


For instance: an engineer at the Aircraft Gas Turbine 
Division of GE is free to choose his field of concentration. — 
Free from time-consuming board work. And he experiences 
the keenest satisfaction a professional man can have — 
responsibility for a project of his own. 

Key pin in the whole structure is the ungrudging, rapid, 
open-handed recognition of individual contributions, 
professionally and financially. 


If you think you’re the man to make a significant 
contribution in the production and development of 
advanced jet power plants, rocket motors or atomic enginc © 
applications — write and tell us about yourself. 


High starting salaries. Frequent evaluations. 
Full Tuition Refund Plan for graduate study. 


IMMEDIATE OPENINGS NOW FOR GRADUATE 
ENGINEERS PHYSICISTS MATHEMATICIANS METALLURGISTS 


...with 1 to 5 years experience 


Rocket Engine Design and Development + Mechanical Design Testing 
and Evaluation of New Aircraft Engines, Rocket Motors, and 
Components « Development of Fuels and Combustion Systems for 
Future Jet and Rocket Engine Types « Numerical Analysis and 
Programming, using IBM 704 and Associated Equipment « Facilities 
and Testing Equipment Design « High Temperature Metallurgical 
Processes Development « Aerodynamic and Thermodynamic 

Design and Analysis « Manufacture and Testing of Demonstrator, 
Prototype, and Production Engines « Nuclear Applications in 

Jet and Rocket Engines « Product Application and Marketing 


Write to: 
Mr. Don Romer 


* AIRCRAFT GAS TURBINE DIVISION 


GENERAL ELECTRIC 


CINCINNATI 15, OHIO 
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you'll want to try 


It’s a high speed paper: Y ou can run it at 
variable paper speeds up to 400 in./sec., 
with galvanometer speeds up to 2,000 
cycles/sec., with spot velocities up to 
1,000 in./sec. and still get good, read- 
able traces. 


It’s thin: Kodak Linagraph 1344 Paper has 
a new--ultra-thin- base. No other paper 
gives more footage to a given roll diame- 
ter. High-strength stock, too, with no 
splices in any roll less than 1,000 feet 
long. There’s a special toothing agent 
in the emulsion that makes it easy to 
write on with ink or pencil. 


lt doesn’t stain: After stabilization proc- 
essing, the paper is still a clean white 


'20X photomicrograph of high-spot-velocity 
trace on Kodak Linagraph 1344 Paper. 


without a hint of the brownish-pink 
stain characteristic of high speed papers. 
It’s easy to read by visual inspection and 
on data reduction equipment. It makes 
good, sharp duplicates on diazo-type 
equipment. 

But, suppose you’re running at slow 
paper speeds, say 10 in./sec. Then you 
don’t want the extreme sensitivity of 
Linagraph 1344 Paper. So you use Kodak 
Linagraph 483 Paper which comes on 
the same ultra-thin base, has a wide ex- 
posure latitude, and can be processed at 
temperatures up to 120 F. Clean, white 
background—black, black traces. From 
your Kodak Graphic Reproduction 
dealer. 


EASTMAN KODAK COMPANY, Rochester 4, N. Y. 


Kodak Linagraph 1344 Paper isnew i 4g 
as 


Any rocket engine looks $1 ; 
—but its 150 or more parts 
complex problems of op : 
tures and pressures. This 
The M. W. Kellogg Com 
signer and fabricator of in 
perature, high pressure 
power piping, was assignee 
the development and produ 
different guided missiles t@ 
the Terrier. 
Steam power piping and 
for example, have much.ing 


latter, nozzle temperatures 


dew. F. and pressures 2006 


jhouette 


new and 


_ electric power plants. the Kellogg assign- 
ment concerns piping to withstand 1250 
deg. F..and pressures over 5000 psi. Both 
problems include selection*or development _ 
of not only the proper alloy to provide correct. 
strength-weight relationship and resistance 
to corrosion or erosion, but also the welding 
techniques, materials, and skills to fabricate 


the alloy into large or intricate shapes 


M.W. Kelloge’s long fabricating experience 


with high temperatures and pressures can_ 


be. a valuable-asset to all manufacturers 


- concerned with the rocket program, and to 


those responsible for process equipment in 


MW. Ke loggi 


ENGINEERING FOR TOMORROW 


THE M. W. KELLOGG COMPANY, NEW YORK 7, N.Y. 


The Canadian Kellogg Company, Limited, Toronto « Kellogg Internationa! Corporation, London. 
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ome New Metallurgical Processes of Interest in the 
of High Speed Hight 


Westinghouse Electric 


In the field of high wie flight, the need to obtain ma- 
terials for extremely high temperature service has stimu- 
lated the development of several new metallurgical proc- 
esses now used to investigate the high melting point 
metals, such as tungsten, molybdenum, and chromium. 
Some of these processes are described, and the resulting 
alloys obtained or expected from them discussed and com- 
pared with the high temperature alloys available today. 
The potentialities and limitations of new alloys based on 
these metals are outlined. 


Introduction 


{ advent of gas turbine, ramjet, and rocket propulsion 
systems has created a demand on the metallurgist for 
metallic materials having properties which he has been hard 
pressed to meet. His progress in coping with these new re- 
@iirements has been hampered by several conditions. Be- 
(use metallurgy is so old, it has most often been approached 
w§an art, rather than as a science, and until recently, little 
fimdamental work has been done in the field. Further- 
more, in the past there was little incentive to improve metal- 
largical products because there has been no great need for it. 
Finally, because of the large and costly plant tooling required 
for most basic metal industries, major changes in products, or 
the processes to produce them, were, and still are, extremely 
expensive. This has been particularly true since, unlike the 
hemical industry, for example, the metallurgical field boasted 
irtually no pilot plants to evaluate new products and proc- 
esses on a less expensive, semicommercial scale. 

However, the phenomenal progress which we have wit- 
nessed in several fields of engineering—electronics, high speed 
fight, nuclear physics, and others—has suddenly required the 
ervices of alloys with properties unheard of in the past. It is 
fortunate that considerable basic metallurgical research, 
mainly accomplished in the past 15-year period has helped 
provide these materials or point the way to their eventual 
manufacture. As a result, it is probable that we are on the 
verge of a new era which will manifest itself in a rash of alloys, 
strange to us now, but with the unique properties required for 
several different applications. Most of these new alloys will 
require processing techniques not formerly employed or con- 
sidered practical, and it is in part this fact which is forcing 
the appearance, finally, of several pilot plants. 

It is the purpose of this paper to describe some of the new 
processes being developed in an attempt to produce these 
illoys in wrought form, and outline in a brief way the results 
obtained or expected from them. In pointing out the prob- 


hreented at the ARS Fall Meeting, Los Angeles, Calif., Sept. 
1, 1955. 
Wrought Materials Manufac- 


EDWARD C. BISHOP! 


. 


MARTIN SUMMERFIELD 


ROCKET SOCIETY 


Corporation, Blairsville, Pa. 


lems involved and the methods used to stn we, it 
is hoped that those who are concerned with materials in the 
jet propulsion field may gain a better understanding of capa- 
bilities and limitations of alloy systems. It is also hoped that 
some insight into the potentialities of new alloys may be 
gleaned to guide future planning. It may further result that 
some may see new applications immediately for some of these 
recent process developments. 

It will not be the intent of this presentation, however, to 
provide up-to-the-minute data on commercial alloys, which are 
available from numerous investigators and manufacturers’ 
literature. Data, where given, are only typical and used to 
illustrate the capability of a process. 

The metals which have hitherto been the building blocks 
of our commercial alloys, iron, copper, aluminum, and 
magnesium, gained their early pre-eminence for several 
reasons. They were plentiful in the earth’s crust, and 
their ores were in some cases quite easily reduced in order 
to win the relatively pure metal required to form the final 
alloy. They and their alloys had only moderately high 
melting points, therefore were easily melted with minimum 
contamination from air. Finally, their castability and 
workability were excellent, permitting the formation of 
products of almost any desired shape. Some of the other 
metals with which we are familiar, manganese, zinc, tin, 
chromium, nickel, cobalt, molybdenum, tungsten, vanadium, 
etc., were not considered as the bases for alloy systems, but 
rather as the alloying elements added to iron, copper, alumi- 
num, or magnesium, to enhance their fundamental properties. 
But these latter metals, and some of the foregoing eo fl 


elements, have low melting points, which though an asset in 


their production, places a very severe limitation upon their 
service at elevated temperatures. i ‘ 


speed flight, whether in gas turbines, ramjets, or rockets, it is ; i = 


inevitable that the requirement for higher operating tempera- _ 
tures will render useless the alloys based on iron, or even nickel _ 
and cobalt, the best “super alloy s” available today. The 


service temperatures of these alloys for appreciable lengths of 7 


time will probably be limited to 1600-1800°F. 


It is natural in seeking the metals on which to base ne 


alloys for higher temperature serv ice, to choose those with the Bid 
highest melting points, since this property is a rough index of 


their high temperature useful strength. Table 1 lists the ae 


stable metals of known melting points in decreasing order of 
their melting temperatures down to about 2600°F. Note that i 
iron, nickel, and cobalt, the bases for virtually all high tem- — 
perature alloys at the present, melt at 2800°F or below. 
On the other hand, there are more than a dozen metals with wae 
higher melting points, up to tungsten at 6170°F, while at 
least half of these melt above 4000°F. Although itisofno | 
fundamental significance, in one column is also shown the | 
— ae to density 1 ratio, which, lacking any actual 
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Atomic Melt’g Density 

no. point #/cu. in. 

; 74 6170 0.697 
Rhenium 75 5740 0.72 
Tantalum 73 5425 0.60 
Osmium 76 4900 0.813 
42 4760 0.369 
Ruthenium 44 4500 0.441 
Tridium 77 4449 0.813 
Columbium er 4380 0.310 
Rhodium 45 3571 0.449 
Chromium ae | 3430 0.260 
Zirconium 40 3365 0.230 
90 3300 0.415 

78 3224 0.775 

22 3140 0.164 

3100 0.217 

3100 0.412 

46 2829 0.434 

26 2802 0.284 

27 2723 0.320 

2700 0.199 

Nickel 28 2651 0.322 


Table 1 Melting points and other physical properties of the high melting metals 


M.P./Den. Specific Coefficient Thermal 
x 10° heat of exp. conduc’ty Modulus 
8.8 0.032 4.3 0.48 50 
8.0 0.033 
9.0 0.036 6.5 0.13 
6.0 0.031 4.6 80 
12.9 0.061 4.9 0.35 se 
10.2 0.057 9.1 60 
5.5 0.031 6.8 0.14 7 
14.6 0.066 5.0 

4.2 0.032 8.9 

19.2 0. 126 8.5 

14.2 0.120 

7.5 

6.5 0.058 

9.9 0.11 

8.5 0.099 

13.5 

8.2 0.105 


“strength data on some of the metals, might be a crude indica- 
‘f _ tion at elevated temperatures of their strength to weight ratio. 
a It is interesting to note that on this somewhat arbitrary index 
Eee titanium registers’well above all other metals and, of course, 
has recently gained considerable importance at moderately 
elevated temperatures. However, its relatively low melting 
point, only slightly above 3000°F, limits its likely range of 
use. Following next in order of their melting point to density 
- ratios are vanadium, columbium, zirconium, yttrium, chro- 
- mium, and molybdenum. However, vanadium, columbium, 
- girconium, and yttrium probably do not hold sufficient 
_ promise either because of their scarcity or only moderately 
high melting points. 
_ Although their indexes are not as favorable, the extremely 
oF high melting points of tungsten, rhenium, tantalum, osmium, 
ruthenium, and iridium suggest that they, too, should be ex- 
plored as base elements for future high temperature alloys. 
- Unfortunately, it is likely that all but tungsten must be 
_ abandoned, at least temporarily, due to poor availability. 
_ One word of caution should be injected at this point. Al- 
_ though the melting point of a metal may be a crude index of its 
_ elevated temperature strength, pure metals never have out- 
_ standing strength, which must be obtained by working, or 
alloying, for example, to produce stable high temperature 
_ precipitates. At the present state of the art, there is no relia- 
_ ble way to predict the specific alloy combinations which will 
_ provide high temperature strength. This, incidentally, may 
_ explain why titanium has not lived up to original expectations 
as a base for a truly high temperature alloy but has shown 
_ promise only at moderately elevated temperatures, below 
—1000°F. It may simply be that proper alloying to obtain 
Maximum elevated temperature strength has not been 
evolved. 
For successful high temperature use, there are, of course, 
_ many other properties of great importance, such as the modu- 
lus of elasticity, thermal conductivity, specific heat, coeffi- 
_ cient of expansion, oxidation resistance, corrosion resistance, 
and crystallographic structure. It is beyond the scope of 
_ this paper to discuss these in any detail; however, a few 
general remarks should be made. Most of the high melting 
_ metals react very rapidly with oxygen, nitrogen, and carbon, 
_ which, it will be shown subsequently, create major problems in 
"processing. Moreover, the oxides are not adherent and pro- 


-___ teetiive, as with aluminum; hence oxidation resistance is poor. 
This is a problem which cannot be fully covered here; suffice 
it to say that either by alloying, which seems unfavorable at 


the moment, or by protective coatings, these metals must be 
made corrosion resistant before they can be successfully 
employed. Favorable properties are low expansion coefii- 
cients, high moduli of elasticity, and good crystallographic 
structures, while high thermal conductivity and low specific 
heat are useful or troublesome, depending on the application. 

Taking all factors into consideration, there appear to be 
three metals—tungsten, molybdenum, and chromium—whieh 
offer hope of very high temperature service. Since the first 
step in manufacturing alloys for these metals involves the 
necessity for melting them in order to produce wrought prod- 
ucts, one is immediately faced with the problem that no 
known refractories can contain them. Their affinity for 
oxygen at their high melting points dictates they would react 
rapidly with the oxides of aluminum, silicon, and magnesium, 
which are the best crucible materials generally available. 
Furthermore, during melting, they must be protected from air 
for the same reason; hence must be melted in vacuum or an 
inert atmosphere, such as argon or helium. 

Therefore, although greatest hope for higher operating 
temperatures rests primarily on these metals, they pose such 
formidable problems that the metallurgist first turned back 
to the present super alloys, based on iron, nickel and cobalt, 
to re-examine them and verify that the ultimate from them 
had really been achieved. Actually, as it turns out, a little 
higher service temperature may be squeezed out and, at the 
same temperatures, it appears likely that better performance 
can be realized. One method by which the latter can be ac- 
complished is to melt in such a way as to yield a cleaner prod- 


Although most of today’s super alloys are arc or induction 
melted under what formerly was considered clean and pre 
cisely controlled conditions, the fact is that some of their 
property limitations can be attributed to dirt, nonmetallic 
inclusions, trace element impurities, or gases incurred during 
melting. In an attempt to circumvent these limitations, 
considerable attention has been directed, in the past few 
years, to vacuum melting (1, 2, 3).? 

Referring to Figs. 1 and 2, the technique consists simply of 
placing an induction furnace in a chamber which can be 
pumped down to the low micron range. Sufficient space 
is provided in the chamber to permit tilting the fur 


? Numbers in parentheses indicate References at end of paper. 
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nace to pour into one or more ingot molds situated below it, 
and gadgetry is added which allows the operator to charge the 
fymace, make minor additions, take temperature readings, 
ee., by remote control. Furthermore, the process can be 


made semicontinuous by the addition of valves or locks which 
it the introduction of new charges and removal of pre- 
viously cast ingots without opening the chamber and re-evacu- 


sting. 


CHARGING BELL 


THERMOCOUPLE 
BRIDGE BREAKER 
SAMPLER —— 


_-—VACUUM VALVE 


VACUUM 
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nn Fig. 2 Photograph of 1000-Ib vacuum induction melting furnace 
a and pumping system 

The basic advantages of the method are exclusion of air, 

which constitutes a major source of contamination in normal 

melting furnaces, and the ability, at the low pressures in- 

‘ volved, to make certain refining reactions take place which are 

100 F difficult. or impossible to achieve at atmospheric pressure. 
re p mospn p 

.. | Moreover, over-all yields are extremely high, since the clean- 

ie liness of the products obviates the necessity for much of the 


conditioning required on air melted alloys. In some cases, 


ing F vacuum melting has permitted the utilization of much higher 
me quantities of revert scrap in the charges than was possible 


air melting. The technique has resulted in much closer 
ontrol of analysis, since the variable oxidation of different 
itetals in the charge, which accompanies air melting, is elim- 
inated. One further advantage of vacuum melting must be 
tonsidered. There are many alloy compositions which con- 
tain such high percentages of titanium or aluminum for pre- 
tipitation hardening or oxidation resistance purposes that 
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they cannot be satisfactorily worked if they are air melted. _ 
Typical examples are the high aluminum-iron alloys of the — 
Alfenol (4) and Thermenol (5) type which are currently being — 
investigated because of their great potential for high tem- 
perature service. To date these alloys have had to be melted 
in vacuo or inert atmospheres in order that they could be 
forged or rolled. 

Fig. 3 illustrates the increase in rupture strength anes 
by vacuum melting several commercial high temperature — 
alloys, an improvement which may be as high-as 40 per cent. Z 
Although it is not shown, the ductility of these alloys shows a 
similar increase when vacuum melting is employed. The 
enhancement of both strength and ductility can be attributed — 
to the fact that vacuum melting eliminates many of the im- 
purities, in the form of inclusions or gases, which collect at _ 
grain boundaries forming weak, brittle areas which initiate 
failure prematurely. However, even more improvement in é 
properties can be obtained by vacuum melting than indicated —_— 
in Fig. 3. 

Fig. 4 shows how strengthening has been accomplished by a 
composition changes in vacuum melted alloys which are not | 
feasible in air-melted material. In the case of M 252, not 
only has vacuum melting alone increased rupture strength by 
about 30 per cent, the elimination of manganese and silicon 
has added at least another 10 per cent to the strength. These 


Mw 252 Ni-Co Base Alloys 
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___ obtain sufficient ductility for both forgability and service con- 
- ditions. Another illustration may be found in the case of 
_ 1570 alloy versus normal air and vacuum-melted nickel-co- 
_ balt base alloys. Here, the increase in ductility which accom- 
panies vacuum-melting normal nickel-cobalt base alloys has 
been utilized to increase the hardener content, at some sacri- 
fice in ductility, to gain the additional strength obtained in 
_ 1570. The hardener content of this alloy, 7 per cent tungsten 
and 4 per cent titanium, would make it impossible to forge if 
it were melted in air. 

Although to date vacuum melting has been practiced in 
this country on heats not exceeding 1000 lb and often at con- 
iderable premium in cost, it should be realized that the tech- 

_ “nique is in its commercial infancy. There is reason to believe 
that in the not too distant future vacuum melting will be per- 
_ formed on as large a scale as is presently used for many high 
_ temperature alloys melted in air, and that the improvement in 
yield alone might eventually eliminate the price differential. 
It is also possible that with many alloys, the less expensive 
alternatives of melting under inert atmospheres or melting 
some of the raw materials in vacuum and the final alloy in air 
may prove to be adequate. It should not be overlooked that 
_ virtually anything that can be done with air melting can also 
be accomplished in vacuum. For example, centrifugal cast- 
ing in vacuum has already been successfully practiced. 

A modified vacuum technique which has recently come into 
use in Germany is known as vacuum casting (6). In this 
_ practice (Fig. 5) melting is conducted in air by conventional 
means, but the heat is teemed from the ladle into a mold which 
_ is situated in an evacuated chamber. Numerous schemes can 
be devised to seal the nozzle of the ladle to the chamber in 
_ order to prevent leakage of air into the chamber during teem- 
ng. Because of the low pressures attained, the stream from 
the ladle is broken up into fine particles and dissolved gases, 
such as hydrogen, are readily evolved from the molten metal. 
_ Hydrogen contents as low as one to two parts per million have 
_ been attained in ingots which have been vacuum cast. The 
_ results have been cleaner heats than normally obtained, with 
_ greatly improved properties. Although to date the practice 
has been used primarily as a means of removing hydrogen 
_ which leads to “flaking” in large rotor forgings, it is possible 
_ the principle may be applied to other alloys as well to promote 
cleanliness and improvement in ductility. One reason for 
mentioning the process is to illustrate on how large a scale 
vacuum techniques have already been commercially em- 
ployed. In Germany, vacuum casting has been regularly 
_ practiced for about two years on heats weighing up to 150 


Having initiated his vacuum techniques on the available 
- super alloys, the metallurgist nevertheless had to face up to 
the fact that the need for alloys to serve at 1800°F and above 


Fig.5 Schematic diagram of vacuum casting 


was still uncomfortably close. Reluctantly, and with, to 
date, not sufficient quantity of effort, he returned to the prob- 
lem of producing what may be called the “ultimate” alloys, 
As mentioned previously, the first problem again occurred in 
melting, where it has been established that no commercial 
refractory is adequate to the task. Fortunately, a new 
melting technique which has already been successfully em. 
ployed on titanium and zirconium alloys, with minor modifi. 
cations, has promised a way out of the dilemma of how to 
melt tungsten, molybdenum, and chromium base alloys, 
At the same time, the process is fundamentally so simple, it 
promises to become a major factor in the melting of a wide 
variety of alloys. It is familiar to most as cold hearth melt- 
ing or arc casting (7, 8) and is schematically illustrated in 
Fig. 6. 

In this method the refractory problem is circumvented by 
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Fig. 6 Schematic diagram of cold hearth melting furnace 


the use of a water-cooled copper cylinder, which serves both 
as the melting crucible and the ingot mold. The raw mate- 
rial must first be compacted into an electrode, which is grad- 
ually fed into the furnace as it melts off due to the arc struck 
between it and the molten bath. Due to water cooling of the 
mold, the ingot solidifies rapidly, which incidentally tends to 
minimize lateral segregation, and the molten pool rises as the 
electrode is fed in and melts off. It is possible to avoid com- 
pacting the raw material and feed it into the bath in granular 
or chunk form, using a water-cooled tungsten-tipped elec- 
trode, which does not melt off. However, some contamina- 
tion of the molten bath from the electrode usually makes the 
method impractical. It is also usual practice to double melt, 
using the first ingot as the consumable electrode in a larger, 
second remelt furnace. The second melting is employed to 
homogenize the first melt ingot, which generally exhibits in- 
adequate uniformity of alloying elements. 

To demonstrate the potentiality of the arc casting process, 
Fig. 7 plots the short-time tensile properties of a variety of 
alloys versus testing temperature. At higher temperatures, 
short-time tensile properties are dependent to a large extent 
upon the strain rate, which is not known for all the data shown 
but is probably about 0.1 inch per inch per minute. It 
should be noted that the strength of the conventional cast or 
wrought super alloys begins to decline rapidly between 1200°F 
and 1600°F. Commercially pure, recrystallized molybde- 
num, on the other hand, exhibits a relatively small loss of 
strength beyond 1600°F, although the strength level is low 
(9). However, stress-relieved molybdenum base alloys show 
excellent tensile properties (10) comparable to the best super 
alloys, at 1600°F, and it is very probable they would retain 4 
large proportion of their strength at 2000°F, if not beyond. 
The curve for cold-drawn tungsten wire has been added merely 
ow the excellent high temperature strength which can be 
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Fig.7 Short-time hot tensile strength vs. temperature for various 
alloys 
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Fig.8 100-hr rupture strength vs. temperature for various alloys 


obtained with this metal under certain conditions. It should 
not be used as a guide of the properties that could be obtained 
o normal wrought products, if they were available. How- 
ever, one can speculate that properly alloyed, tungsten base 
illoys should show strength superior to the molybdenum 
base alloys plotted, particularly at temperatures in excess of 
2000°F. 

In Fig. 8, which plots the 100-hr rupture properties versus 
temperature for a variety of super alloys, the superiority of 
molybdenum and tungsten is even more striking. The band 
of properties shown for the wrought super alloys is represented 
by Inco 700 at the top and Refractaloy 26 at the bottom, both 
in the solution treated and aged condition. The band for the 
cast super alloys is based on Stellite 31, which is the best com- 
mercial cast alloy in the range of 1700°F to 1800°F. 

The 0.34 per cent columbium and 0.45 per cent titanium 
alloys of molybdenum were “hot cold” rolled at slightly below 
the recrystallization temperature, 1900°F to 2200°F, then 
stress relieved at 1800°F. The properties of these stress-re- 
lieved alloys (11) approach those of the recrystallized alloys 
at approximately the recrystallization temperature. The 
curves for tungsten and tungsten base alloys were not drawn 
from experimental data, but based on the ratios of the acti- 
vation energies for creep of pure tungsten to pure molybde- 
tum. 

The superior properties of molybdenum and tungsten are 
presented to demonstrate the need to develop cold hearth 
melting techniques for them, since it is doubtful they can be 
melted commercially by any other means. Although cold 
hearth melting does not, and may never, compete with the 
More common methods used on tonnage metals, it has been 
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successfully employed in the melting of titanium base alloys, 
which incidentally is not the primary cause of their high cost. 
Furthermore, continued experience with the process will proba- 
bly improve it and lower its cost, and it is not difficult to 
visualize the cold hearth furnace as a continuous melting 
method, the ingot being constantly withdrawn and cut into 
convenient lengths, as the raw material is fed into the top. 
Parenthetically, it can be said that continuous melting is 
only in the development stage in steel production. Already 
the cold hearth furnace is being used to melt some of the 
present-day iron base high temperature alloys, and it is proba- 
ble the basic simplicity of the method will mean its extensive 
use on many other alloys. 
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Another method, which has recently been developed (12) 
to melt alloys of high melting points and/or high reactivity 
with refractories, is basically a modification of the cold hearth 
furnace, and is commonly referred to as “drip pool” melting. 
Fig. 9 illustrates the equipment, which to date has been oper- 
ated on a laboratory basis only. In essence the primary 
difference between this method and cold hearth melting is the 
fact that the entering raw material, although still in electrode 
form, is melted by an induction coil through which it passes, 
rather than by the action of anare. As the bar melts it drips 
down into the pool below; however, since the alloy as it 
drips is barely molten, an additional, pancake induction coil is 
necessary to superheat the pool slightly in order to promote 
homogeneity and a sound ingot. The ingot is gradually re- 
tracted to keep the molten pool at the proper distance from the 
pancake coil, while the compacted bar of raw material is fed 
into the primary cylindrical melting coil as its end melts and 
drips off. 

One of the chief advantages of drip pool melting is that the 
process may be kept under more complete control. At any 
time, the melting can be stopped and, by means of a pancake 
coil, a portion of the ingot kept molten for purposes of re- 
fining, making additions, or homogenizing. As with cold 
hearth arc melting, it is conceivable that the process could be 
adapted to continuous melting. 

Recent modification of the normal cold hearth furnace has 
resulted in a method whereby reactive metals can be cast to 
final shape in molds. ‘Skull melting,” as the technique is 
frequently called, could also be accomplished by similar modi- 
fication of the drip pool furnace. As commonly practiced 
(13), skull melting employs the equipment illustrated in Fig. 
10. By controlling the pressure during are melting at slightly 
above 30 microns, a maximum melting rate is obtained so that 
a molten pool of approximately 60 per cent of the consumed 
metal is attained. This molten metal is rapidly poured into 
the desired mold, usually graphite, leaving a skull in the 
crucible which represents the remaining 40 per cent of con- 
sumed metal. By careful control of raelting during successite 
heats, the skull can be prevented from pene thus ae 
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Fig. 10 Schematic diagram of skull melting nein 

- sulting in virtually 100 per cent recovery of consumed metal. 

Although graphite crucibles can be used in place of water- 

- cooled copper, in order to obviate the necessity for rapid 
melting rates and heavy skulls, there exists the risk of burn- 

ing through the skull and contaminating the melt with 

carbon. 

Castings of titanium have been successfully made by this 


to molybdenum. However, molybdenum in cast form tends 


of deoxidation during melting must be achieved if this method 
is to be applied to molybdenum base alloys. 


in the past. For most commercial uses the impurities 
other than gases need not be reduced below 0.01 per cent 
in a metal or a particular alloy. However, in ‘the field 


_ factory performance from silicon or germanium, the impurity 
level must be of the order of parts per million or billion. The 
process for accomplishing this purity, which has gained con- 
siderable importance in the past few years, is called zone 
refining (14). Referring to Fig. 11, a commercially pure bar 
of the element to be refined is placed horizontally in a boat or 
a refractory crucible, contained in a chamber which can be 
evacuated or purged with an inert atmosphere. The boat is 
slowly passed through an induction coil, or series of coils, so 
_ that successive segments of the bar are melted and resolidi- 
_ fied, starting at one end and proceeding to the other. As re- 
: solidification takes place, any impurities that lower the 
a a melting point of the base metal are rejected to the liquid zone 
ahead and are thus pushed to the “finish’’ end of the bar. 
Conversely, impurities that raise the melting point will tend 
to segregate toward the “start” end of the bar. Since most 
impurities lower the melting point, repeated slow passes of the 

* bar through the induction coils usually results in the rejection 
of virtually all impurities to the finish end of the bar, leaving 
the starting portion extremely pure. 
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Fig. 11 Schematic diagram of zone refining process 


Zone refining does, however, have certain limitations. The 
— necessity for a refractory boat limits its application to those 
metals which will not react with the refractory. If it is de- 
sired to employ zone refining techniques to purify such metals 
as zirconium, titanium, molybdenum, tungsten, etc., some 
means must be found to eliminate the refractory boat. This 
has led to the development of ‘cage zone refining” (15) which 
has been applied successfully to zone refine some of the so- 
called “reactive” metals. 
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method, and it is possible that the technique could be applied * 
to be brittle, especially at lower temperatures, if only small a 
amounts of oxygen are present in the casting. Close control — 


For an increasing number of applications, it is becoming — 


of rectifiers and transistors, for example, to obtain satis- _ 


_ Referring to Figs. 12 and 13, the basic principle of cage 


melting is to eliminate the crucible and its contaminating 
effect. A bar of commercially pure metal is machined to pro- 
duce longitudinal fins around its circumference. This bar 
standing vertically is slowly lowered through an induction coil 
to melt and resolidify successive segments, but the power in- 
put to the coil is carefully controlled so that although the core 
of the bar is melted, the fins, being cooler due to the greater 
radiating surface, are not. Hence the fins, remaining solid, 
act as a “cage” to confine the molten core within it, being 
aided by the surface tension of the liquid metal. In addition, 
the induction coil is conically shaped, as shown, so that the 
electro-magnetic forces from it also tend to support the mol- 
ten section of the bar. 

Although to date, zone refining and cage zone refining have 
had importance only in research and particularly the field of 
semiconductors, the increasing realization that minor impuri- 
ties in high-temperature alloys play a dominant role in affect- 
ing properties may result in the need to purify certain melting 
raw materials by these techniques. Although such an ex- 
treme may seem farfetched today, zone refining is already 
sacs practiced on a fairly large scale, and there exists at 
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jeast one method of making the process continuous and, pos- : 


sbly, not too expensive. Furthermore, one has only to go 
back a couple of decades and find that the idea of cold hearth 
melting was considered commercially impractical, to realize 
how rapidly a technical curiosity can turn into a commercial 


Although many of the new metallurgical processes seem to 
lie in the field of melting, this may well be due to the fact that 
melting is the first problem encountered when investigating 
many of the new alloys discussed. However, the problems 
they create in conditioning, forming, fabricating, and heat 
treatment have begun to attract attention and doubtless will 
result in new techniques for these steps. Some have already 
been developed and deserve mention. 

Often the next processing step which follows melting and 
casting is that of conditioning the ingot to remove surface de- 
fects, inclusions, and porosity in order to promote good work- 
ability. Since most of the new alloys are being cast under 
yacuum or inert atmospheres, inclusions or dirt do not pre- 
sent a great problem but the ingot surfaces often contain 
laps, folds, cold shuts, and porosity, which should be re- 
moved before forging or rolling. Although conventional 
methods of grinding or machining are usually employed, the 
value of the alloy in some cases militates against the loss of 
material involved. For example, several concerns have re- 
cently been using a technique for smoothing zirconium ingot 
surfaces by Heliare fusion which entails essentially no loss of 
material. This operation must be performed in an evacuated 
chamber or in an inert atmosphere to prevent contamination 
of the ingot surface during fusion. 

The successful fabrication of several of the new high tem- 
perature alloys can, in part, be attributed to the fortuitous 
recent development of such forming processes as extrusion, 
impacting, and single pass rolling. 

Although extrusion of nonferrous alloys of copper and alu- 
minum has been practiced for some time, the practical appli- 
cation of the process to higher melting alloys of iron, nickel, 
cobalt, molybdenum, etc., had to await the development of a 
satisfactory high temperature lubricant to prevent prohibi- 
tive die wear at the higher temperatures and pressures re- 
quired. The introduction a few years ago of the Sejournet 


glass lubricant process (16, 17) has resulted in the successful 
extrusion of a wide variety of steels, high temperature alloys, 
and high melting metals such as molybdenum. The extru- 
sion billet, which has usually been preheated in a gas-fired 
furnace and brought to extrusion temperature in a salt bath or 
by induction heating, is rolled to the press over a table covered 
With powdered glass. A fiberglas disk is placed in the die 
ahead of the billet, and the extrusion ram forces the material 
through the die to form a variety of simple or highly complex 
shapes, including tubing or other configurations of hollow 
centers. Since extrusion pressures range from 50 to 100 tons 
per square inch, the 1500-2500 ton presses commonly used are 
limited to starting billets of 6 to 8 inches in diameter and 
about 24 inches long. 

An important aspect of this development is the fact that. 
some of the new alloys being investigated exhibit such poor 
workability that extrusion is the only way they can be formed, 
at least during ingot breakdown, if not thereafter. The 
bulk of the cold hearth melted molybdenum alloys have to 
date been extruded to at least the billet stage, while the iron- 
aluminum and nickel-aluminum alloys may well in the future 
be worked by this process. Extrusion has the advantage over 
forging or rolling that, since the material is contained in all 
directions, the tendency during deformation for failures to 
initiate at grain boundaries is greatly reduced. In addition, 
since working takes place in a single pass, very heavy reduc- 
tions can be effected in a matter of a few seconds and with a 
minimum of oxidation of the piecee 
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An interesting development in the field of forging is the new 
technique often referred to as “Impacting” (18, 19). De- 
veloped by the Chambersburg Engineering Company, the proc- 
ess consists, in essence, of supporting the work to be forged 
between two horizontally moving dies (Fig. 14), in contrast 
to normal practice which involves supporting the work on a 
stationary die and striking it vertically with the other die. 
Several technical advantages for the process have been dem- 
onstrated in theory and practice. Since the material is 
struck by two dies instead of one, and since virtually all of the 
energy is transmitted to the work, instead of losing part of it 
to the anvil, it has been shown that less energy is required to 
obtain a given deformation than in conventional forging. 
Depending on the conditions, up to 100 per cent more work 
can be accomplished than with a forging hammer delivering a 
blow of the same number of foot pounds. Since no extensive 
foundations are required and work handling can be success- 
fully accomplished by conveyor lines, Impacting is admirably 
suited to automation as a part of an automatically controlled 
production line. 


Fig. 14 Schematic diagram of the impacting forging process 


The particular significance of Impacting in the field of new 
high temperature alloys is the degree of control attainable. 
Since in conventional forging the stationary die cools and 
restricts the flow of the work, temperature and deformation 
are nonuniform. In Impacting, die contact time is a very 
minimum and deformation takes place uniformly about the 
axis of the work. The process proceeds so quickly that con- 
siderable energy is put into the work and far better tempera- 
ture uniformity during forging is obtained. 

It is fortunate also that as new alloy investigation revealed 
the need for precise control of temperature during hot strip 
rolling, a unique mill was developed that permitted a degree 
of temperature control hitherto unattainable. Conventional 
hot rolling involves the breakdown of a slab and hot strip re- 
duction in a series of passes on several stands. Since nor- 
mally all these operations must be accomplished in one heat 
over a period of a minute or more, it is obvious that the 
temperature of the work falls considerably by the time the 
final hot strip gage is achieved. 

However, as previously mentioned, several of the new alloys 
being investigated can apparently be hot rolled only in a 
narrow temperature range. The problem of accomplishing 
this has been fairly well solved by the Armzen planetary 
mill (20) which can hot roll a slab to strip on a single stand in 
one pass. The mill (Fig. 15) consists basically of two driven 
back-up rolls, surrounded by a cluster of small work rolls held 
in a spring loaded cage to keep them against the back-up roll. 
The slabs to be rolled are fed through a furnace by a pusher 
mechanism, and a set of pinch rolls between the furnace and 
the main stand force the slabs into the mill. Here the small 
work rolls, traveling at relatively high speed, in effect take a 
series of smal] passes on the slab until it is reduced to final 
gage at the delivery side of the mill. If the process is prop- 
erly controlled, it is possible to roll a 2-3 inch thick slab to 
100-150 mills thick, the normal hot strip range in one pass 
with very little change in temperature. 

The planetary hot mill may have an important bearing on 
the future of those new alloys which have to be hot worked at 
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Fig. 15 Schematic diagram of the Armzen planetary hot mill 


such a high temperature that grain coarsening is a serious 
problem. In such cases, rolling in one pass to strip, at which 
point the material will cool very rapidly, may circumvent this 
difficulty. Another application for which the mill appears to 
be well suited is “warm rolling.” The Thermenol type 
alloys have to date been warm rolled in a narrow temperature 
_ range around 1000°F, an awkward one for normal rolling 
- equipment. Although on a laboratory basis thin gage warm 
rolling has been carried out on a four-high mill, using a strip 
_ reheating furnace very close to the rolls, it is doubtful that 
_ this technique would be practical on a commercial basis. 
However, the hot planetary mill would probably provide a 
- feasible method of rolling strip in this intermediate tempera- 


Table 2 Elevated temperature-properties of Thermenol 
‘compared with some stainless steels 
Stress 
(sheet 
Alloy psi values) 
Type 403 Stainless 1100° F 25 ,000 20 hr 
13% Cr 
Type 316 Stainless 1200° F 28 ,000 100 hr 
17% Cr, 12% Ni, 
2.5% Mo 
Type 321 Stainless 1200° F 22,000 100 hr 
Y Cr, 8% Ni 
(Ti stabilized) 
Thermenol 1100° F 25,000 670 hr 
25,000 47.6 hr 


_ The importance of finding satisfactory methods to process 
“alloys of this type can be realized if the combination of low 
strategic alloy content and good high temperature properties 
is considered. Although, due to the need to vacuum melt 
and warm roll, the Thermenol type alloys are hardly com- 
petitive with stainless steel, the property comparison shown 
n Table 2 points out their potential value. Eventual im- 
provement of the alloy and .its processing coupled with in- 
creasing criticality of nickel may result in the practical ap- 
plication of iron-aluminum alloys of this type. 
The last technique to be discussed is really not a process in 
_ itself but a way of performing many processes. In view of the 
_eare which is presently being taken to prevent contamination 
ae f the newer alloys during their melting and heat treating, it 
es es would seem eventually necessary to extend this precaution to 
the hot forming operations. As a result serious thought is 
being given to sealing off entire rooms so that they can be 
filled with an inert gas. In this way forging, hot rolling, even 
extrusion could be performed under the protection of argon 
or helium, while the operating personnel went about. their 
various jobs donned in space suits, helmets, and oxygen supply 
systems. There seems to be little doubt that this step will be 
taken in the near future, in an effort to protect the newly ac- 
quired virginity of the reactive metals. : 
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a No attempt has been made to give a comprehensive cover- 


= age of all new metallurgical processes ; rather, those of par- 


ticular interest and importance in the field of high temperature 
metallurgy have been briefly discussed. Even in this field 
attention should be paid to several other developments which 
may have considerable significance in the future. For ex. 
ample, the powder metallurgy aluminum alloy known as 
“SAP” (21) may find good application in the moderate tem- 
perature range. Certainly, the basic principle involved in 
“SAP,” namely, combining the base metal with its oxide for 
high temperature strength, will be investigated for its appli- 
cability to other alloys for higher temperature service. Vac- 
uum heat treating, which is just beginning to gain commercial 


stature, will undoubtedly become commonplace in the near 


future. Since metals have their limitations, it is likely that 
the metal compounds, carbides, oxides, nitrides, borides, and 
silicides will find wider application in coming years. Metal 
coating and cladding for oxidation resistance represents a 
field in itself, while the need for transpiration cooling will un- 
doubtedly create some interesting fabrication problems. 

Finally, there is the problem, mentioned at the outset, of 
pilot facilities to try out and establish new processes on a 
practical scale. Historically, the primary metal industries 
have not provided such pilot plants, because there was in- 
sufficient economic incentive to do so, particularly since they 
had no control over the end products which would result from 
new alloy development. However, the field of metallurgy is 
now moving too rapidly to permit continued avoidance of the 
pilot-plant stage of development, and it is the consumer of 
specialty alloys who is now supplying these urgently needed 
facilities. Actually, with the wide variety of entirely new 
materials now appearing, it is the electrical industry which 
seems to be investing most heavily in pilot plants, since it is 
one of the largest users of the so-called “exotic” alloys. How- 
ever, it is hoped that many other industries will provide facil- 
ities to fill this gap between research and production in order 
to accelerate the difficult process of scaling up a new develop- 
ment to practical application. 
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Two methods are described for measuring the ignition 
delays of self-igniting liquid rocket propellant combina- 
tions at various conditions of simulated altitude. One 
consists of a modified open-cup apparatus in which rapid 
propellant mixing is obtained by crushing a fuel-filled glass 
ampule under the surface of the oxidant. The delay from 
propellant mixing to appearance of flame is measured by 
various electronic means. The other method uses a 
transparent-sided rocket engine of approximately 50-lb 
thrust. The delay from propellant impingement to ig- 
nition is obtained from high-speed photographic data. 
Some results obtained by these methods are presented and 
compared. 


Introduction 


N IMPORTANT consideration in the selection of a self- 
igniting rocket propellant combination is its ignition 
delay, a parameter usually defined as the time interval from 
the meeting of the propellants to the point of ignition. Also 
important is the manner in which this delay is influenced by 
factors such as temperature, ambient pressure, and oxidant- 
to-fuel weight ratio. 

Ignition delays have been measured satisfactorily by several 
methods that may be grouped into three basic categories: 
(a) open-cup, in which one propellant is introduced into the 
bulk of the second propellant contained in a partially en- 
closed vessel (1);? (b) impinging jet, in which streams of the 
two propellants meet in space or upon some third body and 
are not confined by a rocket combustion chamber (1); and 
(c) rocket engine, in which means are provided for ignition- 
delay measurement under practical operating conditions. 

Two of these methods have been used by the NACA Lewis 
laboratory in its ignition-delay determinations. One em- 
ploys a bench-type laboratory setup known as the ‘“‘modified 
open-cup apparatus” and the other utilizes a small-scale rocket 
engine of approximately 50-lb thrust (2). The open-cup unit 
isused principally for rapid screening of different propellants 
at temperatures to —105 F. The small-scale engine 
apparatus also measures delay at various temperatures. In 
addition, it is useful in the study of the effects on ignition de- 
lay of initial ambient pressure, combustion-chamber configura- 
tion, and other factors not amenable for investigation with the 
open-cup apparatus. 


Modified Open-Cup Apparatus 
Description of Apparatus Sik: 


As shown in Figs. la, b, the modified open-cup apparatus con- 


. sists, in part, of a test-tube reaction vessel into which a small 


amount of oxidant is introduced. A sealed glass ampule 
containing the fuel is immersed in the oxidant. The tempera- 
ture of the propellants is regulated by a constant-temperature 
bath surrounding the test tube. The propellants are mixed 
when a falling weight hits a steel rod which, in turn, crushes 


Presented at the ARS Fall Meeting, Los Angeles, Calif., Sept. 


18-21, 1955. 
! Aeronautical Research Scientist. Mem. ARS. 


? Numbers in parentheses indicate References at end of paper. 


Marcu 1956 


Two Methods for Measuring Ignition Delays of 
igniting Rocket Propellant Combinations 
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the ampule. Simultaneously, time-measuring instruments 
areactuated. The end of the ignition-delay interval, indicated 
by the commencement of a continually persistent flame, is 
automatically recorded by these instruments. 

The combustion chamber is a pyrex ignition-type test tube 
measuring 1 inch in diam and 8 inches in length. The glass 
fuel ampules are approximately °/;,inch in diam. The stain- 
less-steel rod used to crush an ampule is about twice the length 
of the test tube. A 0.4-lb weight located 6 inches above the 
top of this rod and contained in a guide tube is used to provide 
the impact force. During the propellant-loading operation, 
it is restrained from falling by means of a supporting pin in- 
serted through the guide tube. 


Temperature Control 


The temperature-control system consists of a clear glass 
Dewar cylinder (2*/,-in. ID), a coolant pump, an alcohol-dry 
ice heat exchanger, and the required pipes and valves. The 
temperature is automatically regulated by a solenoid-operated 
mixing valve and an adjustable temperature-actuated switch. 
The Dewar cylinder contains a thermometer for indicating 
coolant temperature. 


Instrumentation 


Generally, three simultaneous measurements of ignition 
delay are made in each experiment. They differ with respect 
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Fig. la Modified open-cup ignition-delay apparatus 
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Fig. 1b Modified open-cup ignition-delay apparatus 


to the types of signals indicating the starting and ignition 


- points and the means of recording them. In one case, the 


with about 1 milliliter of propellant in each one. 


contact between the falling weight and the rod closes an elec- 
tric circuit which starts an electronic timer. The light 
emitted upon ignition strikes a photocell which then stops 
the timer. In another method, the start of the ignition-delay 
interval is placed on a camera-type oscillograph by a signal 
from an argon bulb near the photocell. The signal is the 
extinction of the bulb by a thyratron at the moment the 


falling weight hits the rod. The photocell signals are re- 
’ corded continuously with respect to time by the oscillograph. 


The signal is a 1000 or 2000 cps carrier wave modulated by the 
amplified output of the photocell. In the third type of meas- 
urement, the amplified output of a microphone placed 
about one foot from the test tube is recorded on another 
channel of the same oscillograph used in the second method. 
In this manner, pressure fluctuations during the reaction are 
obtained simultaneously with the light-emission record. 


Operating Procedure 


The fuel ampules are loaded by a hypodermic-needle syringe 
The tips are 
then flame sealed. As shown in Fig. 1a, the tip of the ampule 
is inserted into a cavity in one end of the stainless-steel rod. 
About 3 milliliters of the oxidant are then added to the test 
tube by means of a remotely operated syringe. 

After the loading operation, the test tube is lowered by re- 
mote control into the constant-temperature bath and the pro- 
pellants are allowed to reach the desired temperature. When 
equilibrium has been obtained, the pin in the guide tube is 
pulled out quickly and the weight falls on the rod below which 
then breaks the ampule. High-speed motion pictures of this 
sequence have shown that the ampule is broken and the pro- 
pellants are brought into contact in less than 2 millisec. The 


(b) Actual rocket propellants (fast-reacting type). 
t 


(c) Actual rocket propellants (slow-reacting type). 


Fig. 2 Positive enlargements from frames of high-speed sil- 
houette motion pictures showing behavior of inert liquids and 
rocket propellants at room temperature during first 0.003 sec of 
timed interval. (Ignition occurred sometime after beginning of 
preliminary nonburning reactions shown) 


mixing rate varies slightly between experiments due to differ- 
ences in the ampules and in the viscosities of various pro- 
pellant combinations. Some examples of the mixing sequence 
of liquids with various reactivities are shown in Fig. 2. 


Interpretation of Results 


Typical examples of oscillograph records are shown in 
Fig. 3. Elapsed time is indicated by the heavy vertical 
lines spaced 10 milliseconds apart. In the light-emission 
records, Fig. 3a, the intensity of the light falling on the photo- 
cell is quantitatively indicated by the amplitude of the carrier 
signal. In the sound records, Fig. 3b, the intensity is in- 
dicated by vertical displacement of the output signal. 

In experiment 1, Fig. 3a, the start of the ignition-delay 
period is at A where the argon light is extinguished. At B, 
a flash of low intensity and short duration occurs. A con- 
tinuous flame does not start until C which is 37 millisec after . 
A. This period of time represents the ignition delay. In 
the intervals from D to E and from F to G, the photocell is 
saturated with strong light. The saturation is identified by 4 
carrier signal of lesser amplitude than the ground signal 
between A and B. 

Experiments 2, 3, and 4 may be interpreted similarly. The 
irregular fluctuations in the early parts of experiments 2 and 4 
are attributed to microphonic pickup rather than flashes, since 
a flash is identified by a sharp, short disturbance in the signal. 
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Fig. 3 Oscillograph records of light and sound emissions 
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The sound records for the same four experiments are shown 
in Fig. 3b. In experiment 1, the start signal is shown at A 
where the record becomes fuzzy due to reaction and other 
noises. This point corresponds to point A on the light- 
mission record. The dips at B and C also corroborate the 
light data. Starting at C, the record is difficult to interpret 
since mechanical vibrations from the apparatus are mixed 
with the combustion-sound emissions. 

The electronic timer often records a shorter delay than the 
two methods described above because it usually stops count- 
ing at the first appearance of light, such as at B, Fig. 3a. It 
has utility, however, in providing an immediate approxima- 
tion of the ignition-delay time whereas the other methods do 
not yield data until the oscillograph film has been processed. 


Small-Scale Rocket Engine Apparatus 


Description of Apparatus 


The small-scale rocket engine apparatus consists of a 
ttansparent-sided engine of approximately 50-lb thrust, 
propellant tanks, a gas-pressure-supply reservoir, means for 
obtaining and controlling propellant temperature and initial 
ambient pressure, and instrumentation for indicating and 


reording combustion-chamber pressure and other operating 
variables. Fig. 4a is a diagrammatic sketch of the apparatus. 
A photograph of the over-all equipment is shown in Fig. 4b.. 

Pressurized helium forces the propellants from their tanks 
through injector orifices and into the combustion chamber 
when a quick-opening solenoid valve is actuated. Sealing 
disks at each end of the propellant tanks are burst in the 
process. Photographs are taken of the two propellant streams 
tering the combustion chamber, impinging, diffusing, and 
then igniting. Measurements of the ignition-delay period, ee 
the time interval between the meeting of the jets and the Fig. 4b Small-scale rocket engine ignition-delay apparatus 
‘ppearance of flame, are made from the photographic data. 

The fuel and oxidant tanks have capacities of 100 and 200 through a simple convergent nozzle. A photograph of an 
cubic centimeters, respectively. Clear plastic tubing, 4 early model of this rocket-engine assembly is shown in Fig. 5. 
inches long and 2 inches inside diameter, is generally used Fig. 6 shows an exploded view of the same assembly. Later 
for the combustion chamber. Reaction products exhaust models differ only in minor details. 2 eee 
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Fig. 6 Exploded view of small-scale rocket engine 


A bottom view of the injector head is shown in Fig.7. The 
head was drilled and tapped to receive two propellant injector 
fittings at an included angle of 90deg. A combustion-chamber 
_ pressure tap is located in the center of the head. The fuel and 
a oxidant injectors are located so that the ejected streams 
travel 0.68 inch before impinging. Each injector has a conical 
entrance leading to a straight 0.38-inch-long orifice tube with a 
+ chamfered exit. Various oxidant-to-fuel weight ratios can be 
obtained by changing the hole diameters of the propellant 
injectors. 

_ During the course of experimentation, several different 
Be. means were employed to rupture the propellant-tank disks. 
In one successful method, hardened stairiless-steel cutting 
- dies were used in conjunction with unscored 0.003-inch-thick 
- aluminum (28-0) diaphragms. The dies were designed to cut 
Bs the disks without fragmentation and with an applied pressure 
~ of less than 100 pounds per square inch. An unused disk, a 
cutting die, and a burst disk are shown in Fig. 8. In most 
_ experiments, the propellant-injection pressure was 450 psig. 
_ In some instances, however, the pressures were as high as 600 
psig, the safe limit for the existing apparatus. 

The action within the combustion chamber is photographed 
in silhouette by a 16-millimeter camera with a built-in argon 
timing light and with a maximum speed of about 6000 frames 
Fe aed sec. The required light is produced by a bank of flood 
_ lamps focused on a white background with the reflected light 

_ passing through the combustion chamber and into the camera 
4 lens. The photographic installation can be seen in Fig. 4b. 


‘Fig. 8 One type of bursting diaphragm and cutting die 


Pressure and Temperature Control __ 


The rocket engine is mounted vertically on a large stand. 
pipe connected to a 1500-cubic-foot cylindrical tank that can 
be evacuated to an NACA standard pressure altitude of about 
100,000 feet. 

The propellant tanks are immersed in a constant-tempera- 
ture alcohol bath contained in a tank that is either bolted or 
welded directly to the injector head, Figs. 5,6. The tempera- 
ture of the bath is accurately and automatically controlled by 
means of a dual heat-exchanger and blending system. Any 
desired propellant temperature in the range from —100 F to 
160 F can be obtained within 20 minutes after starting the 
circulation pump in the system. A mixture of dry ice and 
denatured alcohol, and electrically heated water are used in 
the cold and hot heat exchangers, respectively. q 4 


The only direct measurements that are made are those of 
pressure and temperature and, generally, are as follows: 


1 Combustion-chamber, propellant-injection, and _alti- 
tude-tank pressures. ae 

2 Fuel, oxidant, injector head, constant-temperature 
bath, nozzle plate, and ambient air temperatures. 


Instrumentation 


Propellant injector plate 


used in propellant tanks of small-scale rocket engine 
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Fig.9 High-speed photographs of typical run in small-scale rocket engine ignition-delay apparatus 


Indirect measurements are obtained from high-speed photo- 
graphs. In addition to the ignition-delay period, the time 
between the entries of the two jets into the combustion cham- 
ber and the time between ignition and explosion (if it occurs) 
are also calculated. 


Operating Procedure 


After loading, the propellant tanks are completely sealed by 
inserting bursting diaphragms and cutting dies between the 
tank bodies and end fittings. Equal ullages help in injecting 
the propellants into the combustion chamber simultaneously. 

In one method of assembly, the rocket-engine components 
are bolted together to a measured torque of about 400 Ib- 
inches. Spacers around the bolts prevent heat distortion of 
the chamber during a run and consequent leaking. The 
propellant tanks are then screwed into the injector head and 
the helium inlet lines are connected to the tanks. 

Several methods have been used to supply the desired 
propellant injection pressure. At the present time, a pressure 
loader keeps the helium pressure constant before and during 
arun. 

For runs made at pressures different from sea level, the 
large altitude tank is evacuated prior to firing by a rotating- 
oil-seal-type vacuum pump which reduces ..¢ pressure corre- 
spondingly in the exhaust standpipe as well as in the rocket 
combustion chamber. The pressure in the standpipe does 
not change significantly during the ignition-delay period. 

After the preliminary steps have been completed, the actual 
operation of the apparatus is almost completely automatic. 
The entire sequence of events during a normal run is controlled 
by a preset electrical program timer. 


Interpretation of Results 


Most runs are photographically similar. In all cases, the 
exact frame of the entry of each jet into the combustion 
chamber is clearly discernible. At the moment that the two 
jets meet, a copious amount of dark fumes begin to be evolved. 
These fumes quickly fill the chamber and usually make it 
completely opaque. The ignition point is determined by the 
frame in which light first appears. It usually encompasses 
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about !/2 to !/4 of the projected chamber area. In most runs, 
the bright area increases rapidly and a normal combustion 
pattern is established in 3 to 6 frames, or about 1 millisec. 
With some propellant combinations, the ignition point is dif- 
ficult to determine because the initially lighted area is small 
and faint and, in some cases, the full combustion picture is not 
obtained for more than 40 millisec. 

The photographic record of a typical run is shown in Fig. 
9. Action starts when the oxidant jet enters the combustion 
chamber (frame 7); 13.7 millisec later, the fuel jet enters and 
intersects the oxidant stream (frame 65). Fumes are evolved 
and fill the combustion chamber. Ignition occurs in frame 
207, 33.5 millisec after the meeting of the propellants. This 
is the ignition-delay period. The pressure rise accompanying 
ignition purges the combustion chamber of dark fumes in 1 
millisee and normal burning is established. Photographs 
made in color have shown that the light recorded at the igni- 
tion point is white and, therefore, is actually light emitted by 
the combustion reaction. If, instead of true ignition, a 
sudden nonluminous pressure rise had cleared the fumes from 
the chamber, the transmitted floodlight would have been 
yellowish. 


Examples of Results 


Ignition-delay determinations of furfuryl alcohol and mixed 
butyl mercaptans with various white fuming nitric acids were 
made at several temperatures with the modified open-cup and 
small-scale rocket engine apparatus (Reference 2). Com- 
plete results of these experiments are shown in Tables 1-4. 

A summary of those results which show a comparison be- 
tween the two apparatus is as follows: 

1 With furfury] alcohol and a white fuming nitric acid con- 
taining about 2 per cent water by weight, the average ignition 
delay in the modified open-cup apparatus was constant and 
equal to about 25 milliseconds from 22 deg to 2 deg C, Fig. 10. 
With the same fuel and a similar acid, the average ignition de- 
lay in the small-scale rocket engine was also constant and equal 
to about 16 milliseconds from 50 deg to —20 deg C, Fig. 10. 

2 With furfuryl alcohol and white fuming nitric acids 
containing less than 1 per cent water by weight, the ignition 
delays at —40 deg C were.about 49 millisec (average) in the 
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MODIFIED OPEN-CUP 
ARATUS 


SMALL-SCALE 
ENGINE APPARATUS~ 


IGNITION DELAY, MILLISEC 


TEMPERATURE, °C 


nitric acid containing 2 per cent water by weight 


engine. 
_ 3 With mixed butyl mercaptans and a white fuming 


explosion accompanied each ignition. With 
- the same propellant combination in the small-scale engine, 


- resulted in doubtful ignitions) at room temperature and pres- 
- sure, and at various fuel-oxidant weight ratios was 38 + 4 
tmillisec. All runs at reduced temperatures and pressures 
were terminated by explosions. 


Some of the results obtained with the small-scale engine 
also show the effect on ignition delay of varying the water 
content of the oxidant. As shown in Fig. 11, the delays in 
_ the furfuryl alcohol-white fuming nitric acid series increase 
_ with an increase in the percentage of water. 
As a result of the experience gained with the two ignition- 
: delay apparatus over a period of several years, it has been 
oa observed that the results are generally similar for the same 
a _ propellant combinations at the same operating conditions as 
bus. long as the propellant viscosities are less than about 20 
centistokes. As the viscosity increases above this value, 
_ ignition delays in the modified open-cup apparatus increase 
rapidly, but no significant changes in small-scale engine re- 
-- gults are- observed until the viscosity reaches about 200 
centistokes. 
- .~ An explanation for the effect of viscosity on the ignition 
ei _ delay in the two apparatus probably is that the total mixing 
is not as rapid nor as efficient in the open-cup as in the small- 
scale engine. With propellants of low viscosity, the differ- 


Table 1 Summary of data obtained with modified open- 
cup apparatus 


(Furfuryl alcohol and white a nitric acids) 


Propellant 
temperature, 
°C 


Ignition delay, 
millisec 


Acid with 2 per cent water by weight Bates E 


Fig. 10 Ignition delay of furfuryl alcohol and a white fuming 7 


‘modified open-cup apparatus and 54 millisec in the small- 


MILLISEC 


IGNITION DELAY, 


-40 -30 -20 


10 10 20 
TEMPERATURE, °C 
Fig. 11 Ignition delay of furfuryl alcohol and 
several white fuming nitric acids (small-scale 
rocket engine apparatus) 


ences in mixing rapidity and efficiency should be slight. With 
propellants of high viscosity, the differences in mixing, and 
consequently in ignition delay, should become appreciable. 


Concluding Remarks 


The modified open-cup apparatus is suitable and convenient 
for rapid screening of propellant combinations and for deter- 
mining the effect of low temperatures on ignition delay, pro- 
vided the viscosity is not greater than about 20 centistokes. 
The small-scale engine apparatus is less convenient to use 
but is more versatile in that the effect on ignition delay of 
initial ambient pressure, combustion-chamber geometry, pro- 
pellant flow rates, and oxidant-to-fuel ratios can also be deter- 
mined. In addition, the apparatus is less sensitive to changes 
in viscosity of the propellants. 
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Table 3 Summary of data obtained with modified open- 
cup apparatus 
(Mized butyl mercaptans and white fuming nitric acid con- 
taining 2 per cent water by weight) 


Fuel Oxidant Fuel- 


Propellant quan- quan- oxidant Ignition 
tempera- __ tity, tity, weight 
ture, °C ml ratio 
21.5 1.4 2.6 0.30 
21.5 1.4 2.6 0.30 
3.0 1.4 2.6 0.30 
3.0 1.4 2.6 0.30 
2.1 1.4 2.6 0.30 
—18.5 1.4 2.6 0.30 
—18.5 1.4 2.6 0.30 no ignition 
—18.5 1.4 2.6 0.30 no ignition 
—38.5 1.4 2.6 0.30 no ignition 
—38.5 1.4 2.6 0.30 no ignition 
—38.5 1.4 2.6 0.30 no ignition 
—38.5 1.4 2.6 0.30 no ignition 
1 Nondestructive explosion accompanied ignition. 
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nitric acid containing 2 per cent water by 
modified open-cup apparatus, the ignition e +3 (abou 
millisee at 21.5 deg C) increased with decreasing tempe 
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Table 2 Summary of data obtained with small-scale rocket engine apparatus 


o 


Peak pressure; maximum pressure possible was probably not attained. 
Time to attain peak combustion-chamber pressure. 


(Furfuryl alcohol and several white fuming nitric acids) 
Time 
tion combus- Lead combus- 
Average chamber _ tion - Temperature, °C — propellant tion 
propellant pressure, chamber Constant intocom- cham- Ignition 
tempera- lb/sq in. pressure, Injector tempera- Nozzle Ambient bustion ber, delay, 
ture, °C gage sec Oxidant Fuel head ture bath plate air chamber’ millisec millisec 
Acid with <1 per cent water by weight 
—40.0 170! 3.42 —40 —36.1 —40.6 12.2 17.2 oxidant 63.3 53.7 
Acid with 2 per cent water by weight 
50.0 285 0.6 50.0 50.0 51.7 51.1 30.6 30.0 fuel 0.2 15.6 
40.6 290 0.7 40.6 40.6 41.1 41.1 23.9 25.6 oxidant 0.6 18.1 
30.3 280 0.6 30.0 30.6 30.0 30.0 20.6 18.3 oxidant 24.2 18.9 
19.7 230 0.6 20.0 19.4 20.0 19.4 25.6 27.8 fuel 8.1 14.8 
10.0 297 0.6 10.0 10.0 10.6 10.6 23.3 19.4 fuel 14.9 15.4 
—0.3 280 0.6 0.0 —0.6 0.6 0.0 20.6 25.0 oxidant 5.0 13.1 
—19.7 270 0.6 —20.0 —19.4 —19.4 —19.4 16.1 28.7 oxidant 20.2 16.9 
Acid with 5 per cent water by weight 
30.0 200 0.4 30.0 30.0 30.0 29.4 20.0 17.8 oxidant y Se 18.1 
9.4 190 0.5 9.4 9.4 9.4 17.2 22.2 fuel 18.4 18.1 
—10.6 3 3 —10.6 —10.0 —10.6 13:7 13.9 oxidant 25.8 58.8 
—40.0 80 0.6 —40.0 —39.4 —41.1 13.9 12.8 oxidant 40.5 69.9: 
Acid with 16 per cent water by weight ° 
19.4 187 0.4 19.4 19.4 20.0 20.0 24.4 25.6 ~— fuel 8.6 42.7 
0.0 150 0.5 0.0 0.0 0.6 0.6 22.2 21.7 oxidant 9.4 84.8 
—20.3 113 0.3 —20.0 —20.6 —18.3 —18.9 17.8 20.0 fuel 11.4 225 


3 No chamber-pressure record. 


Table 4 Summary of data obtained with small-scale rocket engine apparatus 
(Mixed butyl mercaptans and white fuming nitric acid containing 2 per cent water by weight) — 


i Time to 


1 Heavy cylindrical steel shield slipped over plastic combustion chamber to contain explosion. 


2 Explosion. 
3 Explosion occurred after end of film roll. 
4 Ignition occurred after end of film roll. 


5 No photographic records because of defective electric system. 
6 Restriction in line from combustion chamber to pressure recorder. 


7 Doubtful ignition. 


Temperature, °C—— 


lant ambient pres- ber stant 

tempera- pres- sure, _pres- temper- Noz- Am- 
ture, sure, lb/sq in. sure, Injector ture zle__bient 
°C mmHg gage sec Oxidant Fuel head bath plate air 
22.2 +760 280 1.3 22.2 22.2 22.2 22.2 20.6 22.2 
22.2 =760 315 1.2 22.2 22.2 22.2 22.8 20.6 22.8 
—37.8 +760 $ 2 =—37.8 —36.7 —37.8 11.7 17.2 
—37.8! ~760 2 -37.8 -—37.8 -—37.8 13.3 18.3 
21.7 48.8 8 3 21.7 21.7 21.7 22.2 18.9 21.7 
22.2 50.0 3 ; 22.2 22.2 22.2 22.2 18.9 20.0 
22.2 49.5 3 - 22.2 22.2 21.7 22.2 19.4 19.4 
22.5 =~760 315 1.5 22.2 22.8 22.8 22.8 21.1 22.2 
22.2 ~760 310 1.5 22.2 22.2 22.2 22.2 21.1 23.3 
22.2 ~760 6 6 22.2 22.2 22.2 22.2. 20.0. 21.1 
22.2 +760 6 6 22.2 22.2 22.2 22.2 21.1 22.2 
22.08 +760 180 1.6 22.2 21.7 22.8 we 22.2 23.3 
22.2 ~760 180 1.0 22.2 22.2 22.2 22.2 21.1 22.2 


between Time 


— 


Time 


jet be- 
entries tween 


Lead into ignition 
propel- com- and 
lant bustion ex- 
into cham- plo- Fuel- Igni- 
com- ber, sion, oxidant tion 
bustion milli- milli- weight delay, 
chamber sec sec ratio millisec 
oxidant 0.6 0.30 35.0 
fuel 13.2 0.30 41.4 
fuel 0.3 0.7 0.30 406 
fuel 0.8 0.30 >575¢ 
fuel 0:8: 0:30 72.5 
5 5 s 0.30 5 
oxidant 0.6 0.40 37.5 
oxidant 1.6 0.40 38.8 
fuel 3.6 0.20 >53647 
fuel 0.3 0.20 >5104’ 
9 9 0.20 9,10 
oxidant 0.6 0.20 34.4 


8 Run made in complete darkness for visual check of doubtful ignitions of two preceding runs. 


® No film records made. 


10 Positive ignition, observed audibly and visually. 
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- simultaneous solution of a group of nonlinear algebraic 


Solution of “Thermochemical Propellant Calculations on 
a High-Speed Digital Computer 


_ The problem of carrying out performance calculations 
on rocket fuels has been solved on a high-speed digital 


Mathematically, the problem resolves to the 


equations which yield gas composition, flame tempera- 
ture, average molecular weight, exhaust velocities, and 


_ other performance parameters. A three-cycle iterative 
_ scheme has been developed for the simultaneous solution 
_ for the various components involved in chemical combus- 
tion phenomena. Following the iteration, a straightfor- 
ward computation obtains the performance parameters. 

_ With the present floating-decimal programming, the digi- 
tal computer provides a complete solution for propellant 

; performance calculations in an average time interval of 


approximately thirty minutes. The computing time pre- 
viously required for the solution of these problems by desk 
calculation was measured in terms of days. 


Nomenclature 


exhaust velocity 

thrust coefficient 

isobaric heat capacity 

isochoric heat capacity 
characteristic velocity 

moles of carbon atom in sy entee 
constant of gravity = 32.174. 
moles of hydrogen atom in system 


enthalpy of the 7“ component of the product gases 
specific impulse 
equilibrium constant 
mass of the propellant in grams 
molecular weight of the product gases 
moles of nitrogen atom in system 
moles of the i component of the ai gases 
moles of the j* component of the reactant gases 
moles of oxygen atom ins 
partial pressure of the i” component of the product 
gases (cf. Eqs. [2-7]) 
pressure 
heat of formation of the i” component of the product 
gases 
heat of formation of the j* 
gases 
gas constant 
entropy of the i” component of the product gases 
entropy difference between chamber and exhaust 
temperature 
ratio of the specific heats of the gases during expan- 
sion 
ow) function of y (ef. Eq. [41]). 
= total moles of product gases 
" ‘Sena the paper, the subscripts c and e refer to the 
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» component of the reactant 


enthalpy difference between chamber and exhaus 
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chamber and exit conditions, respectively, and (—) = }[( ), + 
( )-] = average property during expansion. 


I Introduction 


NTIL very recently, thermochemical propellant calcula- 
tions were performed by means of desk calculators, a 
process which required a day or more for each solution. The 
calculations, which involve the simultaneous solution of 
several nonlinear algebraic equations, are well suited to solu- 
tion by a high-speed digital computer. Accordingly, these 
proglems were among the first to be programmed and coded 
for the ElectroData‘ (model 30-202) computer at the Jet 
Propulsion Laboratory. 

A code has been developed and put into service that per- 
forms thermochemical calculations and propellant perform- 
ance parameter calculations in an average time interval of 
approximately thirty minutes. The code operates on the 
basis of a three-cycle iterative scheme for the determination of 
the chamber conditions or the combustion gas composition, 
followed by a straightforward calculation of the performance 
parameters. This paper describes the thermochemical, 
mathematical, and coding aspects of the problem. 


II Thermodynamics and Chemistry Involved 


The effectiveness of a chemical propellant as a suitable 
rocket fuel is determined from the amount of energy available 
in the combustion of the chemical compounds which make up 
the propellant. The compounds yielding the largest amount 
of energy for a given weight of propellant are the most suita- 
ble for rocket propellants. 

The parameters which indicate the relative effectiveness of 
a propellant are the exhaust velocity c, which is a direct 
measure of the chemical energy released during combustion 
of the propellant in the chamber and the expansion of gases 
through the nozzle, and the characteristic velocity c*, which 
is a direct measure of the combustion efficiency of the pro- 
pellant. 

The theoretical performance is based upon an adiabatic 
isentropic expansion of the combustion gases from the rocket 
chamber through the nozzle. With the adiabatic combus- 
tion of a propellant in a rocket chamber, an equilibrium flame 
temperature (called the chamber temperature, 7’,) is attained 
which is characteristic of the products formed during the burn- 
ing of the propellant. 

The theoretical isobaric chamber temperature is defined as 
the temperature at which the heat of combustion of the 
propellant is equal to the enthalpy of the gaseous products, 
relative to the base temperature, or the temperature at 
which 


The composition of the gaseous products is obtained by the 
simultaneous solution of the equations involving the various 
products. Asan example, systems containing carbon, hydro- 
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gen, nitrogen, and oxygen require the solution of the follow- 
ing eleven simultaneous equations (1).5 
Chemical equilibria involved 


= — oR =| 
de 


n 
—oR = In 


NH,ONCO 
56h) en ie [2] When it is desired to allow for expansion to subatmospheric 
pu,opco | conditions, the term (cR In P), must be added to the right- 
gh or ong | hand side of the above equation. In the code currently in use, 
this term has been omitted. 
ie - ie The exit temperature is the temperature at which the 
Lok = i j composition of the products obtained from the solution of 
Equations [2] through [12] satisfies Equation [1’]. 
y ni N#,0 The total enthalpy change during the expansion, including 
[3] both sensible and chemical energy, is given as 
ni (AHs00")i — nao | .. [13] 
ave n e 
P. For frozen flow, the n,’s are constant and the chemical 
Peer P | peisieseneneseees [4] contribution to the enthalpy change is, therefore, zero. The 
SEL, exhaust velocity c is related to the energy released as 
24H 
The specific impulse is the exhaust velocity divided by 
5] the constant of gravity. 
5 
The characteristic velocity c* is obtained from the following 
approximate relationship 
Mathematical Statement of the Problem 
is «Jn this section, the problem of performance calculations for 
(nae systems involving only C, H, O, and N will be discussed from a 
= waite [7] general computational point of view without regard to the 


O = nu + nco + 2nco, + 2no, + nno + non + no.. [9] 


¢ = nu,o + na, + nco + 


nco, + no, + mn, + non + mNo + 
nu + no 


equipment to be used. pike? 


In order to facilitate the expression of the essential mathe- 
matical structure of the problem, it is convenient to replace 
the chemical notation with an entirely new system of sym- 


Propellants containing other elements require the solution 
of additional equations. 

The chamber temperature is the temperature at which the 
composition of the products obtained from the solution of 
Equations [2] through [12] satisfies Equation [1]. 

For an adiabatic isentropic expansion, the change in entropy 


must be equal to zero. This can be written 


5 Numbers in parentheses indicate References at end of paper. 
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bols and to define some additional terms. (See Table 1.) 
Table 1 Translation from chemical notation to mathema- 
tical notation 

Variables Constants Parameters 
nH, H a K, Ki(T) 
nH,0 — — da: Ks — 
nco > % C Ke — KT) 
nco, % N —> ay Red K; — KT) 
no, (Qi — K;(T) 
—> =n,(Q,); —b Ki 
non —>?p S;? — MT) 
R — R(1.9871) LT) 
no 
nu 
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Statement of Equations 
We now have the following set of equations and symbols: 


Variables: U1, To, ..., Tyo, T 

Constants: 0, p, R, ai, ..., a4, bi,..., dw 

Parameters (tabulated at intervals of 100°): K,(T), .. 
K,(T);L,(T), ..., Lio(T), Mi(T), ..., 


The chamber-conditions equations are as follows: 


21°25 
22? 


10 
KT) =>) 
: 


through [28] 
The frozen flow exit conditions equation is 


RE f(T.) 


(Equation [29] yields a value for the nth iteration on T,, and 
T. is the initial guess.) 
The equation for the equilibrium-flow exit conditions is 


IAT) = — f(T) — oe Rinp =0 


f(T) = 


tal T) = 


302 + 


22 

(<) = KAT) +2 (:) (2) KT) + (:) = — 

4 (2) + 

Pp 


T. represents either the limit of the iteration on 7,‘” in 
Equation [29] (for frozen flow) or the value of 7 obtained by 
the simultaneous solution of Equations [17] through [28] 
with [28] replaced by [28’] (for equilibrium flow); o, is the 
corresponding value of c. 

The following 12 equations are the performance parameter 


equations 
= — — — fT )]... . (82) 


4.184\4 
m 


c(em/sec) = ( 


where 


e(ft/sec) 


t= 


Note: Equations [32], [33], [35], and [42] correspond, with 
the new notation, to Equations [13], [14], [15], and [16] in 
Section I. 


C Description of the Method of Solution Used in the Ex- 
isting Program 


The desired solution consists of two lists of values for the 
variables on the left of Equations [33] through [43], one list 
for frozen-flow calculations, which we will call system 1, 
and one list for equilibrium-flow calculations, which we will 
call system 2. Sometimes other previously determined values 
may be desired; e.g., 7., Te, 21, oc. System 1 consists of 
Equations [17] through [28], [29], and [32] through [43], 
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(32) 


[33] 


[34] 


[35] 


[36] 


through [28]. 


where 7’, in Equation [29] is the 7 calculated in Equations 
System 2 consists of Equations [17] 
through [28] and [32] through [43], with Equation [28] re- 
placed by Equation [28’] where 7, in Equation [28’] is T. of 


system 1. 


For computational purposes, Equations [17] through [26] 
are replaced by Equations [30] and [31]. 

With assumed values of o and 7’, Equations [30] and [31] 
lead to values of x; and 22 satisfying Equations [17] through 


[26]. (Note 


that some of the z; appear implicitly as terms 


Guess 
For n= 0, Guess x") 
Calculate xf” = F(x!" 
Calculate An ) ’ 
(nd _ 
- - 
xin) a” x" n Ae 1) 
Convergence Criterion ly 
Calculate x (i= 
Convergence Criterion x, calculated from | 
} laces x{° and 9/10 
replaces 
a! 
is £ =0? +100 if )<0 
Yes 
if #,(T)>0 
Convergence Criterion -f; 
72) + +100 
iff t i f 
No 
Yes 
>I 
interpolate x, ,---yXi0, T > it 
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Fig. la Diagram of cyclic structure of the problem 
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two hierarchies. 
words and an average access time of 8.5 millisec. The 
_ high-speed memory has a capacity of 80 words and an aver- 
age access time of 0.85 millisec. 


chomber conditions 


f is this case I or cose IL } 


Case I 
Frozen Flow Exit Conditions 


c 
L 
Assume 
(to nearest 100°) 
Calculate 
from Eq. (29) 


Cose I 
Equilibrium Flow Exit Conditions 


| 


Assume % T, (to nearest 100°) 


Calculate T, o by means of 
the three-cycle process for the deter- 
mination of chamber conditions re- 
placing (T) with 


Convergence Criterion T ( 


Re <50? 


replaces T, (a-1) 


e e 
rounded to the nearest 100° 


Calculate performance parameters 


of Equation [31]; e.g. = (:) K{T) = 
Pp 


The method of solution utilized by the program is essentially 
of a four-cycle structure and is schematically described in 


Ia, 


The first cycle, which is referred to as the x cycle, consists 
of repeated corrections to the guesses of x, assuming ¢o and 7’ 
to be correct. The second cycle, which is referred to as the 


cycle, consists of repeated corrections to assuming 7' to be 
correct. The o cycle contains the 2, cycles necessary to 
correct the x; for the change in oc. 
referred to as the T cycle, consists of repeated corrections to _ 
_ T and contains the o cycles (and 2 cycles) necessary to correct — 
_o for the changes in T (and to correct the 2; for the resulting 
changes in a). 


The fourth cycle follows the three other 
cycles and is not interconnected with them. 


In this section, the solution of the previously Aeesthed 


problem by use of the ElectroData computer (EDC) is 


discussed. 


A_ Brief Description of the EDC 

The EDC is a single-address, serial machine using a binary- 
coded, decimal-number system. The four bits of the decimal 
number are operated in parallel. A word consists of ten 
decimal digits and sign. 

The machine uses a magnetic-drum memory divided into 
The main memory has a capacity of 4000 


The high-speed memory con- 
sists of four recirculating loops on the magnetic drum, each 


loop containing 20 words (2). 


A detailed account of the commands is presented in (3). 


B Description of the Program 


Because of the cyclic nature of the calculations involved in 


the solution of this problem, it is convenient to divide the 


The third cycle, which is a) 


Square root. 


Fig. 1b Diagram of cylic structure of the problem 


actual coding into separate sections, each of which is coded in 
the form of a subroutine. 

The separate sections are: (a) Floating-decimal operations. 
(b) Table look-up. (c) Solution of Equations [17] through 
[27]. (d) Computation of f;(7) or fo(T). (e) Computation 
of f:(T). (f) Computation of f(T). (g) Interpolation of 
zi, T, Li(T) and M,(T). (h) Computation of T,™. (i) 
Solution of Equations [33] through [43]. 

1. Floating-decimal operations. The following floating- 
decimal subroutines are used in the problem: 


Floating-decimal arithmetic (addition, subtraction, 
multiplication, and division). 


(c) Loge. 
(d) 10’. 
(e) Floating-decimal to fixed-decimal conversion. 


2. Table look-up. The parameters K;(7), Li(T), and 
M.(T) are tabulated at intervals of 100 K over the tempera- 
ture range 300 K to 5000 K. These tabular values have 
been stored in two groups. The K;, M; group is stored as 
shown in Table 2 

For table look-up, a, may be determined directly from 7, 


using the — 


The Ks, oe group has been stored in identical fashion, the 
only change being that M; is replaced by Li. 
3. Solution of Equations [17] through [27] using working 


equations (Equations [30] and [31]). For given T and initial 
estimate of ¢, successive approximations to that value of 
zx, which satisfies Equations [17] through [26] are determined 
in the following manner: Let 2, represent the n™ approxi- 
mation to 2, and A™ the n™ value of A where 


A = a@ — F(a, [45] 


Two initial estimates x; and x, must be provided with 
the input data. 
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jquations [17] through [26]. 


Substitution of 2,“ into Equation [45] gives A. 
4| =0, the value of x, is the value of x; which satisfies 


When 


It has been observed empirically that, in the region of 
wnvergence, the curve x; vs. A approximates a hyperbola of 


Accordingly, a recurrence formula has been derived by solving 
the following three hyperbolic equations for z+” in terms 
of and with the condition that 
‘Thus 


he form 
Table 2 
Stored Stored 
a+1 K.(300°) KAT.) From Equations [47] and [48] 
°) 
From Equation [49], when A“+) =0 
| M,(300°) MTs) 
a + 16 T (300)° an + 16 s 
a2 K,(400°) 48 K,(5000° ) (My [Am — 
The value of x. satisfying Equations [17] through [26] is 
: K(400°) i 5000°) given by F(a, c), and the values of the remaining z; are ob- 
M,,(400°) M,(5000°) tained by direct substitution. 
es Squation [27] is then used to determine a new estimate for 
a o and the process is repeated. When the new estimate for 
. a an o is the same as the previous estimate, Equations [17] 
ed in eos M 10( 400 ) ae M 1o( 5000 ) through [27] have been solved. A flow chart describing the 
m + 16 T’ (400°) as + 16 T 5000 logical and computational content of the subroutine just 
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Fig. 3a Flow diagram of control program 
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dently complex to warrant elaboration of detail, are coded 
separately because of the frequent and intermittent need 
for their use. 

5. Interpolation. When two solutions for Equations[17] 
through [27] have been found for temperatures that differ 
by an interval of 100 K, such that f(T) and f;(T-) or 
f(T) and f(T) are opposite in sign, the final values for 
Tand x, and the values of L; and M; corresponding to the 
final x; may be calculated with sufficient accuracy by means of 
linear interpolation. The final value for o may then be cal- 
culated from the final 2;. 

The interpolation section is divided into three subroutines: 

(a) Computation of the interpolation factor k vee 
|f(T)| 


lf(T®)| + |f(Te-)| 


(b) Interpolation of T and 2; 

(c) Interpolation of ZL; and M; 
These three subroutines of the interpolation process are coded 
separately because they are not always used together. 

6. Computation of T.“. This subroutine simply cal- 
alates T,“ using Equation [29]. 

7. Solution of Equations (33) through [43]. Given T., T., 
t o-, MHz"*, this subroutine computes the performance 
parameters from Equations [33] through [43]. 


Fig. 3 contains a complete flow diagram showing in detail 
the logical content of the control program. The sections 
listed above appear as separate boxes on the flow diagram and 
are identified by the letter by which they are listed. Case I 
in the diagram refers to the series of calculations including 
chamber conditions, frozen-flow exit conditions, and frozen- 
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flow performance parameters. Case II refers to the calcula- 
tion of equilibrium-flow exit conditions and equilibrium-flow 
performance parameters. 


Modifications 


A new program for solution of thermochemical problems is 
currently being developed at the Jet Propulsion Laboratory 
that incorporates several significant improvements over the 
program described in this paper. One such improvement is 
the introduction of a method for more rapid convergence of the 
xi, ¢, and T cycles. Another improvement is the elimination 
of table storage by means of approximating functions for the 
enthalpy and entropy curves. The equilibrium constants will 
be calculated directly from the enthalpy and entropy values. 
The new program will include equilibria for C, H, O, N plus 
some additional elements. 


Conclusion 


The advantages of using a digital computer for the solution 
of thermochemical problems are very great. The improve- 
ments discussed in Section IV-C will soon be carried out. 
Furthermore, the extension of the program to include additional 
equilibria will considerably increase the usefulness of the code. 
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~ Experiments on the Burning of Single Drops of Fuel 


e Daniel and Florence Guggenheim Jet Propulsion Center, California Institute of Technology, Pasadena, Calif. 


Experiments have been performed in order to measure evaporation constant, therefore provides a convenient com- § , 
the mass rate of consumption of single drops of liquid fuel parison between the burning rates of droplets of various fuels § 
suspended on a quartz filament and burning under various for arbitrary droplet sizes. 
ambient conditions. The influence of increased oxidizer The afore-mentioned theory for droplet burning yields ex- § ; 
concentration, increased pressure, and elevated tempera- plicit expressions for the flame temperature, the flame radius, § | 
ture in the surrounding atmosphere on mass burning mass burning rate, and evaporation constant, K’. 
rate has been studied. Comparison is made with theoreti- In Ref. (1), theoretical values of K’ as calculated for several § 
cal calculations based on the concept of a heterogeneous pure hydrocarbon fuels burning in air at room temperature § ¢ 
diffusion flame, with burning rate controlled by heat and and atmospheric pressure were compared to the experimental § | 
mass transfer. The influence of forced convection on results of Godsave (2), who measured the burning rates of § j 
burning rate and extinction of burning has also been in- droplets suspended on a quartz fiber. In spite of the approxi- 


vestigated. 


ae 


Nomenclature 


K' = evaporation constant 


d = drop diameter oe stringent a test of the theory as might be desired. 
r./r = ratio of flame radius to drop radiu In order to provide additional information on the burning 
To = ambient temperature gtaait of drops of pure hydrocarbon fuels under various atmospheric § | 
T, = flame temperature conditions, experiments have been performed on the effects 
Yo,o = weight fraction of oxidizer in ambient atmosphere of variation of composition, pressure, and temperature in the | 1 
surrounding atmosphere, and on the influence of forced con- ff 3 
I Introduction vection on the burning rates of suspended fuel droplets. The § t 
é A Its of th i ring sections. 
N A previously published paper (1),* a theory for the burn- sections 
ing of single fuel droplets in oxidizing atmospheres was bee 5 
presented. It is assumed in this theory that burning takes i If Combustion Apparatus i 
place at a spherical surface surrounding the droplet. The In order to provide means for experiments on burning of ; 
radius of this surface is determined by the rates of diffusion of fuel drops under various conditions of temperature and pres fy 


the fuel vapor outward and the oxidizer inward toward the sure, a large combustion chamber has been constructed in the 
surface, using the assumption that the reaction surface is lo- Mechanical Engineering Laboratory at the California Insti- 
cated at a point where the rates of delivery of fuel vapor and tute. The chamber is made of stainless steel, and consists of a 
oxidizer are in stoichiometric proportions. The temperature thick-walled vertical tube, approximately 42 inches long and 

F 


of this flame surface is determined by heat balance considera- 
tions, and the burning rate, or evaporation rate, of the drop- 
let is determined by the rate of heat transfer to the drop sur- 
face from the hot flame surface. 

The theory predicts that the mass burning rate of a fuel 
droplet is proportional to the droplet diameter. This result 
is in agreement with experimental measurements (2, 3, 4) 
made of the burning rates of hydrocarbon fuel droplets in air. 
If the mass burning rate of a droplet is proportional to drop- 
Jet diameter, then the diameter vs. time history of a burning 

_ droplet may be represented by the following equation: 
_ where d is drop diameter, dy is the original drop diameter, ¢ is 
_ time after ignition, and K’ is a constant, independent of drop 


_ size and characteristic of the fuel-oxidizer system under con- 
sideration. The value of this constant, usually called the 


Presented at the ARS Fall Meeting, Los Angeles, Calif., Sept. 
18-21, 1955. 

§8upported by the O.0.R. under Contract DA04-495-Ord- 
446, Dept. of the Army Project No. 599-01-004, Ordnance Re- 
search and Development Project No. TB 2-001, 0.0.R. Project 
No. 834. Abstracted from a thesis submitted by the author to 
_ the Graduate School of the California Institute of Technology in 
i pa fulfillment of the requirements for the degree of Doctor of 


_ Philosophy, June 1955. The author is happy to express his ap- a. 4 ; 
preciation to Dr. 8. 8. Penner for helpful discussions. ” 
2 Engineer; present address, The RAND Corporation, Santa Fig. 1 Combustion apparatus. ‘‘Eyemo”’ camera in left center. 


- Monica, Calif. Mem. ARS. 
Numbers in parentheses indicate References at end-of paper. 


mations used in this idealized theory of droplet burning, the 

eis calculated burning rates were found to be in good agreement 
f) with the experimental data. It should be noted, however, 
that the burning rates did not vary widely for the various fuels 
that were tested, and therefore this comparison is not as 
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7 inches in inside diameter. A group of twelve electrical 
heating elements are mounted in the walls of the tube, and 
heavy thermal insulation covers the outside tube wall to de- 
crease heat loss. A thermostatic control permits the tempera- 
ture of the gas within the tube to be varied from room tem- 
perature up to 1000 F. 

Ten quartz windows, */, inch thick and 2'/2 inches in 
diameter, are mounted in the walls of the tank to provide for 
yisual or photographic observation. The windows are ar- 
ranged in two vertical rows of five each, diametrically opposed. 

Five thermocouple wells, each at the level of one of the win- 
dow groups, permit the determination of the internal gas tem- 
perature by use of iron-constantan thermocouples. 

Heavy flanges are welded to the top and bottom of the tube, 
and are provided with studs and O-ring grooves so that the 
top and bottom of the tank may be easily removed. Various 
items of equipment such as fuel injectors or ignition equip- 
ment may then be mounted in the tank head, and can be 
easily removed for adjustment. The tank is further provided 
with pipe leads to allow for pressurization or addition of var- 
ious gases. 

A heavy camera stand is mounted adjacent to the tank to 
provide an adjustable, vibrationless support for motion pic- 
ture equipment used to photograph the burning fuel droplets, 
which were suspended on a fine quartz filament. The fila- 
ment and its support were mounted within the combustion 
tank described in the previous paragraph. A photograph of 
the tank, with its auxiliary apparatus, is shown in Fig. 1. 

A fuel injection system was built into the head of the com- 
bustion tank. This system was provided with a fuel reservoir 
and means for pressurizing the reservoir. The fuel system 
was connected through a ball check valve to a hollow needle 
which extended approximately eight inches down into the 
tank. 

A fine silica filament was cemented to the hollow needle 
and was of such a length that its tip extended vertically down 
so as to be in the line of sight of the top windows of the tank. 
It was necessary to thicken the end of the filament in order to 
retain the liquid drop. The diameter of the thickened end 


was approximately 0.3 mm. 


Fig. 2 Droplet of ethyl alcohol burning in mixture of fifty per 
cent oxygen and fifty per cent nitrogen by weight 


The drops were suspended on the filament by pressurizing 
the reservoir, thereby forcing fuel through the hollow needle 
and onto the silica filament. The suspended drops were found 
0 be between 1.5 and 1.8 mm in diameter. As can be seen 
from Fig. 2, the suspended drops were reasonably spherical 
during the major part of their life. 

The suspended drops were ignited by means of an electric 
spark. A standard automotive ignition circuit was utilized, 
With a manually operated on-off switch taking the place of the 
distributor breaker points. 

An electrically driven 35-mm motion picture camera was 


used to photograph the burning drops, which were illuminated 
in silhouette by providing strong back lighting. A long focal 
length lens mounted on the camera with an extension tube 
provided a magnification of about two diameters on the film. 

The drops were photographed at a camera speed of about 
twenty-four frames per second. The exact camera speed was 
determined by photographing a calibrated stop watch. 

A */s: inch diameter ball bearing was photographed at the 
beginning and end of each 100-foot roll of film used. This 
calibration was carried out under the same camera focusing 
conditions as for the burning drops, thereby providing an 
accurate reference length on the film for determining the ac- 
tual size of the droplets. 

The size of the burning drops was determined by using a 
technique very similar to that described by Godsave (2). 
The image on the film was measured with the aid of a 35-mm 
microfilm reader (to produce further magnification). Two 
measurements were made on each frame, namely, the two 
perpendicular diameters inclined at 45 deg to the major and 
minor axis of the elongated drop. The mean of these two 
measurements was recorded as the “effective diameter’ of 
the drop. If the major and minor axes do not differ greatly, 
as was the case in these tests, then it is easily shown that the 
volume of a sphere with the measured effective diameter is not 
greatly different from that of the prolate spheroid which 
actually corresponds to the shape of the drop. 


III The Effect of Varying Oxidizer Concentration 


The first set of experiments in this investigation were per- 
formed to study the change of droplet burning rates as the 
oxygen concentration was varied in the oxygen-nitrogen mix- 
ture surrounding the suspended droplets (5). A systematic 
study was made to determine the evaporation constant, K’; 
for different oxygen concentrations and for the following fuels: 
n-heptane, ethyl alcohol, benzene, and toluene. The experi- 
mental results gave directly the droplet diameter, d, as a 
function of the time, t. The plots of d? against ¢ were found 
to be linear. A typical experimental plot is shown in Fig. 3. 
Thus the functional relation between drop diameter d and 
time t, d? = do? — Kt, has been verified again. Here dy is the 
diameter at time ¢ = 0 (corresponding to the beginning of 
steady burning) and K’ is the evaporation constant. The 
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Fig. 3 Experimental plot of square of diameter (D*) vs. time (/) 
for an ethyl alcohol droplet burning in oxygen-nitrogen mixture 
(Yo,o 0.5) 


Table 1 
Fuel You = 0.23 You = 0.37 
n-heptane 8.4 X 1073 13.8 X 10-3 
Ethyl] alcohol 8.6 X 10-3 it. 10° 
Benzene 9.9 X 10-3 
Toluene 7.7 X 10-3 


Experimental values of K’ (cm?/sec) for several fuels and weight fractions of oxygen 
(Weight fractions of oxygen (Y 0,0) 


Yo.o = 0.50 Yo. = 0.70 You = 0.90 
15.0 X 10-8 18.6 X 10-3 22.3 X 10-8 
15.0 X 107% 18.4 X 107% 20.4 X 10-8 


residue formation 
residue formation 
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value of K’ is determined directly from the slope of plots of 
d? vs. t and has the dimensions em? — sec™!. 

The experimentally determined values of K’ for the four 
fuels tested at different oxygen weight fractions are listed in 
Table 1. The results of five separate experiments were ex- 
amined for each fuel at each value of Yo,o. The tabulated 
values of the evaporation constant are the mean values for 
- each set of five runs. The reproducibility in each set of runs 
was good; the maximum spread of experimental data was 
_ found to be less than +1 per cent, 

With the lighting used for photography during the experi- 
ments, it was impossible to obtain pictures of the flames suita- 
ble for measurement of flame surface diameter. For n-hep- 
tane and ethyl alcohol the luminous flame surface was not 
sufficiently well-defined to permit conclusions regarding flame 
shape and flame size. For benzene and toluene burning in 
air, the luminous region could be seen but was not sufficiently 
clear to yield accurate measurements. 

For oxygen weight fractions exceeding 23 per cent, forma- 
tion of residue was observed during the burning of benzene 
and toluene. Photographs of droplets of benzene burning in 
atmospheres of various oxygen weight fractions are shown in 
_ Fig. 4. The residue remaining on the filament at the con- 


clusion of combustion was of dry, brittle consistency. No 


_ chemical analysis of the residue was made. The formation 


of carbon in heterogeneous combustion of aromatic hydro- 
_ earbon fuels has been observed by other investigators and 


merits additional quantitative study. 
_ Because of residue formation during the burning of ben- 
_ gene and toluene, it was impossible to determine accurately 
the burning rates of these fuels. The shroudlike formation 
of residue caused considerable distortion of the drop, and often 
completely surrounded and obscured the drop of fuel. 

Carbon formation during the heterogeneous combustion of 


‘Fig. 4 Benzene droplets burning in various oxygen-nitrogen 
mixtures showing residue 
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pounds, re-emphasizes the importance of chemical reaction 
rates, which have been neglected in the diffusion model for 
droplet burning. According to one of the modern theories for 
carbon formation during burning (6), acetylene production is 
an essential intermediate step. One might therefore argue 
that the greater tendency of aromatic fuels to form carbona- 
ceous residues is related to the known ease with which these 
compounds form acetylene. This qualitative suggestion does 
not offer a satisfactory explanation for the dependence of resi- 
due formation on oxygen concentration. 

A possible explanation for this variation in residue forma- 
tion is the following: as the oxygen concentration is increased, 
the temperature of the flame zone becomes higher and tends 
to increase pyrolysis of the aromatic fuel. The lighter com- 
pounds and radicals (e.g., acetylene) thereby produced then 
polymerize in the cooler tip of the flame. This process con- 
tinues until the burning droplet is extinguished because of the 
growth of the residue. If the oxygen concentration is further 
increased, the residue formed is itself capable of being burned, 
although at a slower rate than the liquid fuel. The consump- 
tion of the residue may be noted in the two bottom rows of 
photographs in Fig. 4. 


IV The Effect of Ambient Pressure on 
Burning Rate 


The influence of increased atmospheric pressure on the 
burning rates of droplets of various hydrocarbons burning in 
air has been investigated by Hall and Diederichsen (7). In 
their experiments, suspended droplets of furfury] alcohol, tet- 
ralin, decane, and amy! acetate were burned in air at pres- 
sures ranging from one to twenty atmospheres. Again, the 
measurements showed that'the mass burning rate of a droplet 
is proportional to the drop diameter. 

The data for furfural alcohol and tetraline indicate that the 
burning rate, or K’, is proportional to the pressure raised to 
the 0.2 power; data for decane and amy] acetate indicate that 
burning rate is proportional to pressure raised to the 0.3 
power. Hall and Diederichsen conclude that the mass burn- 
ing rate is roughly proportional to the one-fourth power of the 
pressure for hydrocarbons burning in air. 

They also studied the size and shape of the flame front sur- 
rounding the liquid droplets. In contrast to the data of 
Godsave (2), which indicated that the ratio of flame to drop 
size is a constant, Hall and Diederichsen report that it was the 
distance between the flame front and the drop surface that ap- 
peared to be constant during burning. 


2 a 6 8 10 
Pressure (atmospheres) 


Fig. 5 Variation of evaporation constant (K’) with pressure for 


benzene burning in air 
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Primarily in connection with the residue formation behavior 
exhibited by some aromatic fuels, as reported in the last sec- 
tion, it was thought desirable to study the influence of air 

ure on the burning behavior of drops of benzene, a typi- 
eal aromatic. Owing to the limitations of the spark ignition 
method, data were obtained only up to a pressure of five 
atmospheres. 

The results of these experiments are shown in Fig. 5, where 
log K’ is plotted against log P. Reference to Fig. 5 shows 
that the burning rate of benzene drops in air is roughly pro- 
portional to the 0.4 power of the pressure. No residue for- 


mation in excess of that found for burning at atmospheric pres- 


sure was noted at the higher pressures. 


VY Effect of Increased Ambient Temperature on 


Drop Burning Rates 


Another parameter of interest in its effect on droplet burn- 
ing rate is the temperature of the surrounding oxidizing 
atmosphere. In his investigations of the rate of evaporation 
of droplets suspended in a hot gas, Kobayasi (8) found that at 
ambient temperatures of about 700 C, hydrocarbon drops 
underwent autoignition. Therefore, in a further investiga- 
tion (9), Kobayasi measured the mass burning rates of drop- 
lets burning in air at temperatures up to 900 C. Again it 


for 


was found that mass burning rate is proportional to drop 
diameter. 

The experimental technique used by Kobayasi utilized the 
suspension of the droplet on a quartz fiber outside the combus- 
tion chamber. The heated chamber was mounted on rails, 
and was then moved over the drop and its suspending fiber. 
Motion pictures were taken of the burning droplet through 
windows in the chamber walls. Mass burning rates could 
then be calculated from the decrease in size of the drop image 
with time. Kobayasi’s data show considerable scatter. His 
results for two fuels, n-heptane and benzene, are listed in 
Table 2. 


Table 2 Experimental values of K’ (cm?/sec) for two 
fuels burning in air at elevated temperature (Kobayasi, 
Ref. (9)) 
n-Heptane Benzene 
T (°C) K’'(em?/sec) T (°C) (em?/sec) 
700 710 0.0100 

0.0122 
800 730 0.0105 

0.0108 

0.0090 


In order to provide data for temperatures intermediate be- 
tween room temperature and the high temperatures reported 
in Kobayasi’s work, measurements of burning rates have 
been made in the course of the present investigation. 

Data were obtained for the burning rates of benzene and 
n-heptane at temperatures of about 140 C (300 F). At 
somewhat higher temperatures it was found that the droplets 
Would not adhere to the quartz fiber and fell off as soon as 
they were formed. At still higher temperatures, the liquid 
fuel was vaporized while flowing through the hypodermic 
needle; hence no drops could be formed. 

For these reasons, only a limited amount of data could be 
obtained using this injection device. Also, owing to the dis- 
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crepancy between these data and the results of other investi- 
gations (see Figs. 9 and 10), even the limited data obtained are 
subject to question. A possible explanation for the discrep- 
ancy may be that an appreciable amount of the heat neces- 
sary to evaporate the liquid fuel may have been supplied from 
the hot quartz fiber. An attempt was made to reduce this 
error by flowing a stream of the liquid fuel over the quartz 
fiber before suspending the droplet whose burning rate was 
studied. 

A summary of the data obtained in these tests is presented 
in Table 3. In contrast to the highly reproducible data ob- 
tained in the experiments reported in Section III, considera- 
ble scatter was found in the present case. 


Table 3 Experimental values of K’ (cm*/sec) for two 
fuels burning in air at elevated temperature 


n-Heptane Benzene 
(em?2/sec) T (°C) K’ (cm?/sec) 

135 0.0115 150 0.0123 
0.0116 0.0144 

0.0115 0.0120 

0.0111 0.0130 
0.0130 


VI Effect of Forced Convection on 
Drop Burning Rates 


All of the experiments described thus far have been per- 
formed with droplets burning in a quiescent atmosphere, sub- 
ject only to the effects of free convection. It was therefore 
thought to be of interest to investigate the influence of forced 
convection on a burning droplet. In order to obtain an ac- 
curate quantitative description of droplet burning rates as a 
function of the physico-chemical parameters and the flow con- 
ditions, an extensive experimental program would be neces- 
sary. The effort involved in such an elaborate investigation 
precluded its inclusion in the present program. 

However, a more modest series of experiments was per- 
formed in order to answer two important questions concerning 
the effects of forced convection. These questions are: (1) 
What is the order of magnitude of change of burning rate 
caused by forced convection? (2) At what gas velocity is the 
flame surrounding the droplet extinguished, i.e., “blown off?” 
A description of these experiments and of the results will now 
be presented. 

The large combustion tank was not used for experiments on 
the influence of forced convection on burning rate.. Instead, 
the droplets were suspended on a quartz fiber in a small duct 
through which air could be blown. The duct was constructed 
of lucite tubing, two inches in inside diameter and approxi- 
mately one foot long. The duct was held vertically with the 
air flowing upward. The air was introduced at the bottom of 
the duct, and flowed through two baffle plates and three fine 
screens before passing over the drop. The purpose of the 
baffle plates and screens was to insure a fairly flat velocity 
profile across the diameter of the duct. 

The air flow was metered by a Fischer and Porter Labora- 
tory Flowrator. The linear air velocity in the duct was ob- 
tained by dividing the volume flow rate by the cross-sectional 
area of the duct. 

A quartz fiber was inserted downward into the exit of the 
duct. The droplets were suspended on the tip of the fiber by 
means of a hypodermic syringe. Again, ignition was accom- 
plished by means of an electric spark. The motion picture 
equipment previously described was used to photograph the 
burning of the droplets. 

Droplet diameter vs. time histories were obtained for n- 
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Bec up to 40 em/ sec. In order to obtain the functional 
dependence of droplet burning rate on the flow parameters 
(e.g., Reynolds number) from a set of diameter vs. time plots, 
— data sufficiently accurate to define the second derivative of the 
The present 


experimental technique does not yield sufficiently accurate 
% _ diameter histories to permit this type of analysis. Instead, 


the method of analysis used for the still atmosphere experi- 
ents was employed, where the square of the droplet diameter 
_ was plotted as a function of time. Data for a still atmosphere 
(except for free convection currents) yielded straight line 
plots when presented in this way; the present data, on the 
other hand, showed irregular, but relatively small, deviations. 
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Fig.6 Experimental plot of square of diameter (D*) vs. time (i) 
for an ethyl alcohol drop burning in air stream of 11.8 cm/sec 
velocity 


A typical plot is shown in Fig. 6. Although it was not proved 
that the mass rate of fuel consumption is accurately propor- 
tional to the drop diameter under conditions of forced con- 
vection, it was possible to fit a straight line to the plots of 
d? vs. t and, therefore, to obtain an effective value for K’, the 
evaporation constant. The values for the effective evapora- 
tion constants evaluated in this way are presented in Table 4. 
Each value reported is the average of values found for three 
separate runs. The individual values varied from the aver- 
age value by no more than +5 per cent. 

It is seen that the droplet burning rates, as represented by 
the effective evaporation constant, are increased up to a maxi- 
mum of thirty-six per cent at the highest gas velocities used 
in these tests. At gas velocities higher than the largest 
values shown in Table 4, the burning droplets were extin- 
guished. It may be seen that these velocities are quite low, 
in no case exceeding 40 cm/sec. 

Spalding (10) has investigated the flame blow-off phenome- 
non for porous spheres covered by a liquid film of fuel. 


Table 4 Effective values of the evaporation constant, K’ 
for n-heptane, ethyl alcohol, and benzene droplets burning 
in an air stream 
velocity Effective K’ K’/still 

Fuel (cm/sec) (em?/sec) air K’ 
n-Heptane 0 8.4 X 10-3 1.00 
11.8 10.2 1.22 

26.9 11.0 1.32 

34.5 11.4 1.36 

Ethy] alcohol 0 8.6X10-* 1.00 
11.8 9.0 1.05 

26.9 9.6 1.12 

39.4 10.7 1.25 

Benzene 0 9.9 X 10-3 1.00 
11.8 10.4 1.06 

26.9 11.5 1.37 

34.5 13.1 1.33 

| 
The spheres were immersed in an air stream. He reports 


that as the air velocity was increased, the flame that had 
heretofore surrounded the sphere was altered so as to burn 
only behind the sphere. The flame remained attached to the 
surface, however, and resembled the flame front observed for 
the case of cylindrical flameholders in a stream of premixed 
fuel and air. At still higher velocities, Spalding reports that 
the flame burned in the wake of the sphere and was not 
attached to the surface. This progression of blow-off phenom- 
ena was not observed in the present investigation of drop- 
let burning. 

It is quite likely that the supporting quartz fiber may exert 
considerable influence on the flame blow-off behavior. For 
this reason it would be advisable to study blow-off by the use 
of droplets falling freely through the oxidizing gas. 


VII Comparison of Theory and Experiment 


As has been previously noted, the results of the droplet com- 
bustion theory have been compared to the experimental data 
of Godsave in (2). The burning rates were found to be in 
satisfactory agreement. The calculated and observed values 
of the combustion radius, r,, were also compared. The calcu- 
lated values are considerably in excess of the observed values 
and reasons for this discrepancy were noted. 


A_ Effect of Increasing Oxygen Concentration 


In Table 5, the values of K’, T., and r,/r,; as computed by 
the diffusion theory are presented for n-heptane and ethy] al- 
cohol burning in various oxygen-nitrogen mixtures. As 
would be expected, the flame temperatures rise with increas- 
ing oxygen concentration, while the ratio of flame radius to 
drop radius decreases. The extremely high computed flame 
temperatures result directly from the fact that the effects of 


Table 5 Calculated values for drops of n-heptane ana ethyl alcohol burning in various oxygen-nitrogen mixtures 
according to the diffusion theory 

Yo. = 0.10 You = 0.23 You = 0.37 Yo. = 0.50 You = 0.70 Yow = 0.90 
n-heptane 

4555 5575 6810 7755 
re/T1 19.02 4.51 3.88 2.91 2.39 
K'(cem?/sec) 4.85 X 10-3 12.35 X 10-3 14.58 X 1073 18.52 X 10-3 22.50. X 10-8 
(cm?2/sec) 00° 
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dissociation have been neglected in the theoretical analysis. 
In spite of these unrealistic calculated flame temperatures, the 
calculated values of the evaporation constant, K’, are found 
to be in satisfactory agreement with the experimentally de- 
termined values. A graphical comparison of experimental 
and theoretical values of K’ is made in Figs. 7 and 8, where 
values of K’ for n-heptane and ethy] alcohol are plotted as a 
function of Yo , the weight fraction of oxygen. 

The satisfactory agreement between the calculated and the 
experimental values of K’ suggests that the physical model 
upon which the theoretical analysis is based represents a use- 
ful approximation for predicting the burning rates of single 
drops of the fuels considered. 
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Fig. 7 Comparison of experimental and theoretical values for 
the evaporation constant (K’) for ethyl alcohol burning in various 
oxygen-nitrogen mixtures 
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Fig. 8 Comparison of experimental and theoretical values for 
the evaporation constant (K’) for n-heptane burning in various 
oxygen-nitrogen mixtures 
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B The Influence of Pressure on Droplet Burning Rate 


According to the diffusion theory of droplet combustion, 
little change in burning rate is to be expected as the pressure 
in the surrounding atmosphere is increased. The only in- 
fluence of pressure on the final expression for the evaporation 
constant is due to the change in normal boiling point, density, 
and latent heat of vaporization of the liquid fuel. These 
effects are small and do not account for the comparatively 
larger changes observed experimentally by Hall and Dieder- 
ichsen (7) and in the present investigation. 

Several explanations might be offered for this discrepancy. 
Chemical reaction rates are sensitive functions of the pres- 
sure (for a complicated process, an over-all dependence for the 
reaction rate on the square of the pressure is not unreasonable) 
and, therefore, a very weak dependence of burning rate on re- 
action rates could account for the observed variation. Fur- 
thermore, the effects of radiant heat transfer to the liquid 
fuel, which were neglected in the diffusion theory, increase 
rapidly with pressure and could account for a weak depend- 
ence of burning rate on ambient pressure. 

It has been proposed that the inevitable convection cur- 
rents may lead to a slight variation in burning rate with pres- 
sure. It has been pointed out by Lorell and Wise (11) that 
some conventional heat transfer correlations indicate that the 
heat transfer coefficient for a sphere under conditions of free 
convection is proportional to the one-half power of the pres- 
sure. They suggest, by analogy, that it is the influence of 
pressure on the free convection currents surrounding the burn- 
ing droplet that accounts for the observed variation in burn- 
ing rate. However, the experiments on forced convection in- 
dicate that only a small increase in burning rate is to be ex- 
pected as the flow velocity resulting from free convection is 
increased (owing to the increased pressure), as the free con- 
vection velocity is a few centimeters per second. Therefore, 
this explanation for the increase in burning rate is open to 
considerable doubt. 


C The Influence of Increased Ambient Temperature on 
Burning Rate 


The diffusion theory predicts an increase in burning rate, 
and hence of K’, with increasing ambient temperature. A 
summary of calculated results for n-heptane and benzene 
burning in air at elevated temperatures is presented in Table 6. 


Table 6 Calculated values for the burning of drops of 
n-heptane and benzene at elevated temperatures accord- 
ing to the diffusion theory 
n-Heptane 

To °K) T°K) (cm?/sec) 
300 3230 
410 3300 
800 3600 
1025 3780 
Benzene 
300 3450 
425 3510 
700 3730 
1025 3990 


As has been noted, considerable scatter exists in the data of 
Kobayasi (9) for burning measurements made at high tem- 
peratures. Some doubt exists also as to the validity of the 
data taken at lower temperatures in the course of the present 
investigation. However, both sets of data are presented in 
Figs. 9 and 10, together with the predictions of the theory. 
Only fair agreement is noted, in contrast to the excellent 
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Fig. 9 Comparison of experimental and theoretical values of 
the evaporation constant (K’) for n-heptane burning in air at 
various ambient temperatures 


agreement obtained for the variation of K’ with gas composi- 
tion. 

Since the diffusion theory makes no allowance for the mass 
or heat transport by natural or forced convection, it is not 


possible to compare the observed dependence of Kr on flow 


velocity with theoretical-predictions. 


Conclusions 


The comparisons between theory and experiment made in 
the preceding paragraphs suggest that the physical model 
upon which the diffusion theory is based represents a use- 
ful approximation for the fuel-oxidizer systems considered. 
However, there are serious doubts that the basic physical as- 
sumptions involved in the theoretical model are applicable to 
certain chemical systems, where the rates of chemical re- 
action are slow or extensive decomposition of the fuels may 
occur without the presence of oxidizer. For example, in a 
recent investigation (12) it was found that the theory satisfac- 
torily predicted the burning behavior of nitromethane in air, 
but was inadequate to explain the observed burning rate of 
hydrazine in air. 

In the spite of the apparent deficiencies in the state of 
knowledge concerning the burning behavior of isolated, single 
drops, it appears that the most important subject for future 
research in this field is the relation of single droplet burning to 
fuel spray combustion behavior. An attempt has been made 
recently by Graves (13) to correlate known droplet burning 
rates with observed turbojet combustor performance. The 
variation of experimentally observed burning rates of iso- 
octane droplets in various oxygen-nitrogen mixtures was used 
to try to predict the change in combustion efficiency of a 
turbojet combustion can as the initial conditions of the inlet 
gas were varied. The predicted increase in combustion 
efficiency as the inlet oxygen concentration was raised fell 
short of the increased combustion efficiency observed in actual 
combustion chamber tests. This result suggests that the 
relation of single droplet burning to spray combustion must 
be carefully investigated before the results of research on 
single droplets can be considered useful for the over-all spray 
combustion 
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Fig. 10 Comparison of experimental and theoretical values of the 
evaporation constant (K’) for benzene burning in air at various 
ambient temperatures 
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Interference Effects During | Burning in Air for nen 
n-Heptane, Ethyl Alcohol, and Methyl Alcohol Droplets 


J. F. REX,’ A. E. FUHS,*’ and S. S. PENNER‘ 


Experiments have been conducted for the determination Do = arithmetic average value of D® for droplets 1 and 2 
of the evaporation constant and flame shapes of two and D 3 = arithmetic average value of D for droplets 1 and 2 
of five closely spaced droplets burning in air. Droplets of K ‘ i arithmetic average value of Kk’ for droplets 1 and 2 
approximately the same and of different diameters were K : = arithmetic average value of K” for droplets 1 and 2 
used at various distances between the droplet centers. D an Rosin- cage 
The apparent flame shape, which was observed only for n- n = “— ution constant in Rosin-Rammler distribution 
heptane droplets, changes very little during burning. w = weight fraction of the spray composed of droplets 
The square of the droplet diameter decreases linearly with with diameter larger than D 
the time for fixed spacing between droplet centers, at least tip = mass burning rate of fuel droplet 
us within the experimental limits of accuracy. In general, v = stoichiometric ratio of mass of O2 burnt for unit 
the average evaporation constant for two droplets, K’, mass of fuel burnt 
must be assumed either to vary continuously during burn- P = pressure ‘ 
ing or else to be a function of average initial drop diameter, Al = specific latent heat of evaporation of fuel 
Dp’. The change of K’ with time corresponds to the second q = standard specific enthalpy difference between reac- 
tants and reaction products 
of derivative in plots of the square of the diameter vs. time. tah 
tLe These second derivatives are not defined in our work be- 
cause of unavoidable scatter of the experimental data. T = temperature Lat stein + 
1e] Attempts at understanding the observed results by con- F: = temperature of the reaction surface ae OSE ¥ 
sidering published theories for single droplets, as well as = thermal conductivity 
ms groupings obtained from dimensional analysis, have been = viscosity coefficient it 
unsuccessful. It appears that the diffusion model for Dr, Do = diffusion coefficients 
the heterogeneous burning of single fuel droplets will re- Se = Schmidt number for the fuel = prDr 
quire serious revision and extension before the burning of Pr = Prandtl number for the fuel = meCpF/AP eatin 
Ra = gas constant per gram of air 
el droplets arrays and sprays can be understood quantita- Gr on 
tively. Furthermore, the effective value of K’ for a spray = gravitational acceleration 
he probably depends not only on the fuel-oxidizer system but B’ = coefficient of expansion of air iol ages : a 
also on the injection pattern. For this reason additional 
studies had best be carried out under conditions corre- Subscripts 
to those existing in service models. 1 = the larger of two droplets | 
D. b = horizontal distance from center of droplet to outside 
flame surface 
f ( = initial minimum distance between adjacent droplet — 
u Surfaces CONSIDERABLE number of theoretical and experi- 
C = minimum distance between adjacent droplet surfaces mental papers has been published on the burning of single 
droplets of fuel (1-5).6 Experimental studies have been per- 
} an »P ‘ formed on single droplets suspended from fine quartz fibers 
D = droplet diameter at time ¢ dl idisi h A 
K’ = evaporation constant and burning in an oxidizing atomosphere (5). n_ approxi- 
K’ = evaporation frequency mate theoretical prediction of mass burning rate for single 
F droplets can be obtained on the assumption that mass trans- 
of Presented at the ARS Fall Meeting, Los Angeles, Calif., port by diffusion to the flame surface and heat conduction to 
a Sept. 18-21, 1955. the burning droplet control the burning rate (4). 
‘- ‘ Supported by the Office of Ordnance Research, U. S. Army, Recently an attempt has been made by Graves and Ger- 
under Contract DA 04-495-Ord-446. The authors are indebted stein to utilize anak data for single droplets in the de- 
’ to Mr. D. Weber for help with the experimental work and to Mr. ae , 3 8 P 
D. East for a with computations and film reading. scription of burning rates in sprays (6). These authors 
’ 2Lt., U. 8. N This article is based, in part, on a thesis started with the results of an important theoretical study 
i submitted by J. F. Rex to the Graduate School of the California carried out some years ago by Probert (7). Probert made the 
, Institute of Technology in partial fulfillment of requirements followi tions: 
f ollowing assumptions: 
or the degree of Aeronautical Engineer, June 1955. 
3 Graduate student in mechanical engineering, jet propulsion (a) The spray particle size follows the Rosin-Rammler 
option. Stud. Mem. ARS. distribution law 
Associate Professor of Jet Propulsion. Mem. ARS. \ p/p) 
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at 
; 


where w equals the volume fraction or weight fraction of the eet * 
spray composed of drops with diameters greater than D, D’'’ 


is called the size constant, and n is usually referred to as the 
distribution constant. 

(b) The rate of burning of the droplets is taken to be 
proportional to the first power of the droplet diameter. In 
this case it is easily shown that 


where D is the droplet diameter at any time, D® is the initial 
diameter, and K’, which has the dimensions of area per unit 
time, is known as the evaporation constant. 

Probert has shown how to compute the percentage of un- 
burned fuel as a function of ~/K't,/D’ for values of n be- 
tween 2 and 4, where ¢, is the residence time of the burning 
droplets. Recently correlations similar to those of Probert 
have been worked out for droplet distribution laws other than 
the Rosin-Rammler distribution law (8). 

Equation [2], which determines droplet diameter as a func- 
tion of time, is known to correlate all of the observed results 
for the steady burning of single fuel droplets in an oxidizing 
atmosphere (4). Therefore, it is of obvious interest to deter- 
mine whether or not the value of the evaporation constant, 
K’, for single droplet theory or experiment has any relation to 
the value of K’ appropriate for spray combustion. Graves 
and Gerstein attempted to answer this question by measuring 
the combustion efficiency as a function of oxygen concentra- 
tion for a single tubular combustor using isooctane as fuel 
and countercurrent injection. They compared observed com- 
bustion efficiencies with calculated combustion efficiencies 
using Probert’s theoretical analysis in conjunction with values 
of K’ measured for the burning of single droplets. This com- 
parison showed that all of the observed results could not be ex- 
plained unless spray combustion involves effects, at least for 
oxygen concentrations below 24 per cent, which can be ignored 
in the burning of single droplets. In connection with the use 
of single droplet data for studies on spray combustion, it is 
therefore of obvious importance to carry qut laboratory 
studies on interference between droplets during burning. 

Although, as a general rule, statistical arrays are more 
easily interpreted than small numbers of droplets, such as 
2, 5, etc., experimental studies on small numbers of droplets 
may provide a clue for the important physico-chemical proc- 
esses operative in droplet interference during burning. For 
this reason experiments have been carried out on the varia- 
tion of K’ with droplet size and droplet spacing for two and 
five closely spaced droplets. 

We present in Section II a summary of experimental results 
obtained for n-heptane, ethyl alcohol, and methyl alcoho! 
droplets. Attempts at finding simple correlations for the ex- 
perimentally determined evaporation constants are outlined 
in Section III. Section IV contains some qualitative con- 
siderations relating to flame shapes for the burning of single 
stationary fuel droplets in air. Attempts at clarifying the 
observed data on the basis of results obtained from dimen- 
sional analysis form the subject of Section V. 


II Experimental Studies on the Burning in Air 
of Two Stationary Fuel Droplets 


A Apparatus 


In order to record the flame shape and the decrease in drop- 


let diameter with time, the droplets were suspended on thin 
quartz fibers which were secured by means of Sauereisen ce- 
ment to a metal rod. The rod was bent at an angle of 90 de- 
grees and was supported on a stand by means of a clamp. 
Rods of various diameters were used for different minimum 
spacings between the adjacent surfaces of the droplets, C® 
(see Fig. 1). The fibers were@ither enclosed in a circular 


plastic tube of several inches diameter or else were burnt i in 


burning in air. 


Liquid | 


Flame surface 


Fig.1 Schematic arrangement of flame interference experiment 
with two droplets burning in close proximity 


the open air; no significant differences between the burning 
rates were found in the two cases. Single droplets of fuel were 
suspended from the fibers by forcing fuel through a hypoder- 
mic needle onto the fiber. The droplets were reasonably 
spherical as shown, for example, in the photograph of Fig. 2. 
The drops were ignited by using either an automobile ignition 
system, connected to electrodes which straddled the two 
quartz fibers through holes in the tube (see Fig. 3), or else 
simply by using a match. 

An electrically driven Arriflex 35-mm movie camera was 
used for photographing the burning droplets. A 100-watt 
bulb was placed behind the burning drops. Both a silhouette 
of the drops and the flame front were visible. A 10-inch 
adapter tube and telephoto lens were employed in order to 
obtain as large an image as possible on each frame of film. 
Kodak Plus X and Kodak Supper XX films were used with 
apertures of f3.2 to f9. 

A stroboscope served as timing standard. A 10-inch cir- 
cular aluminum plate, with three holes placed 120 degrees 
apart, was secured to a 75 rpm constant-speed motor giving 
3.75 flashes per second. The stroboscope was placed directly 
behind the burning drops. The camera speed was adjusted to 
about 25 frames per second. 

A */y-inch ball bearing was photographed at the beginning 
of each 100-ft roll of film used. The image served for cali- 
bration and was obtained under the same focusing conditions 
as were used for the burning droplets. 

The film was measured by using a microfilm recorder and a 
steel scale graduated in millimeters. Two measurements 
were made on each drop, namely, the two perpendicular 
diameters inclined 45 degrees to the major and minor axes 
in the plane of observation. The mean value of these two 
readings was recorded as the “effective diameter” of the drop- 
let. It is easily shown that, if the major and minor axes do not 
differ greatly, as was the case in our experiments, then the 
volume of a sphere with the measured effective diameter is 
not greatly different from that of the prolate spheroid, which 
actually corresponds to the shape of our droplets. In most 
cases measurements were taken from ignition to burn-out and 
recorded approximately every fifth or sixth frame. The 
flame shape parameters a2, b,, and bo(see Fig. 1) were also 
measured for n-heptane droplets. 


B_ Experimental Results Relating to Flame Shape and 
Burning Rate 


Experimental studies have been carried out for two sta- 


tionary n-heptane, ethyl alcohol, and methyl alcohol droplets 
The square of the droplet diameter, D?, was 
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Fig. 2 Photograph of two n-heptane droplets burning in air 
(D)° = 0.181 em; D2® = 0.174 em; C® = 0.114 cm) 


generally found to be a linear function of the time, t, for each 
of the burning droplets. The flame shape parameters (for 
n-heptane droplets) varied remarkably little with time as the 
droplets burned. Representative experimental results are 
shown in Figs. 4 to 10. The data plotted in Fig. 6 correspond 
to a case in which a relatively long time elapsed before steady 
burning occurred. 

The experimental data obtained for K’ are summarized in 
Tables 1 to 3 for n-heptane, ethyl alcohol, and methy] alcohol, 
respectively. The listed values of K’ were obtained by draw- 
ing “best” straight lines through the experimentally deter- 
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Fig. 3 Schematic diagram of apparatus used for droplet ignition 


Table 1 Experimental results for two n-heptane droplets 
burning in still air 


em C®, em 
166 0.020 
174 0.114 
154 0.183 
176 
142 
173 
182 
173 
156 
127 
134 
117 
124 
122 
120 
118 
142 
135 
142 
147 
141 
156 
155 
170 
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mined points except for those cases in which the data were not. 
adequately represented by linear correlations. In some cases 
the measured results suggested periodic variations of observed 
parameters. 

In several instances, where droplets of greatly different 
sizes were used, observations were possible on the larger re- 
maining droplet after the smaller droplet had burned out. 
In most of these cases the slope of the D? vs. ¢ curve changed 
rather abruptly for n-heptane droplets and yielded data in fair 
agreement with the known single droplet results (K’ ~ 
0.008 cm?/sec) after the smaller droplet had burned com- 
pletely. For droplets of nearly equal diameters (D,° ~ D,°) 
the evaporation constants K,’ and K,’ were found to be nearly 
equal. 
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Table 2 Experimental results for two ethyl alcohol drop- 
lets burning in open air 
Ky’, K,’, 
em em em?/sec em?/sec 
0.097 0.091 0.044 0.0067 0.0053 
0.100 0.089 0.199 0.0065 0.0065 
0.100 0.095 0.438 0.0075 0.0070 
0.102 0.097 0.032 0.0052 0.0052 
0.104 0.104 0.435 0.0061 0.0063 
0.105 0.103 0.298 0.0067 0.0067 
0.108 0.102 0.099 0.0063 0.0063 
0.111 0.104 0.435 0.0057 0.0053 
0.109 0.108 0.773 0.0065 0.0057 
0.111 0.109 0.175 0.0073 0.0069 
0.111 0.108 0.438 0.0074 0.0082 
0.111 0.108 0.295 0.0070 0.0067 
0.123 0.111 0.166 0.0068 0.0069 
0.123 0.117 0.420 0.0061 0.0066 
0.138 0.136 0.184 0.0073 0.0073 
0.139 0.137 0.733 0.0073 0.0074 
0.143 0.135 0.132 0.0066 0.0076 
0.154 0.150 0.175 0.0067 0.0061 
0.156 0.149 0.653 0.0074 0.0077 
0.157 0.150 0.152 0.0060 0.0059 
0.160 0.154 0.181 0.0070 0.0070 
0.169 0.169 0.126 0.0070 0.0066 
0.172 0.171 0.132 0.0080 0.0080 
0.172 0.172 0.640 0.0091 0.0091 
0.174 0.169 1.010 0.0076 0.0089 
0.176 0.172 0.067 0.0064 0.0066 
0.177 0.172 0.184 0.0083 0.0086 
0.191 0.187 0.175 0.0081 0.0077 
0.190 0.188 0.333 0.0074 0.0081 
0.193 0.186 0.105 0.0071 0.0069 
0.193 0.187 0.181 0.0080 0.0078 
0.194 0.193 0.990 0.0084 0.0087 
0.199 0.193 0.175 0.0083 0.0083 
0.200 0.196 0.496 0.0085 0.0085 
0.201 0.201 0.296 0.0079 0.0084 
0.207 0.204 0.184 0.0076 0.0076 


Table 3 Experimental results for two methyl alcohol 
droplets burning in open air 


Ky’, K,’, 
C%, cm cm?/sec cm/sec 
0.149 0.137 0.120 0.0087 0.0078 
0.146 0.145 0.128 0.0080 0.0080 
0.149 0.148 0.023 0.0077 0.0077 
0.149 0.146 0.426 0.0080 0.0076 
0.145 0.137 0.642 0.0071 0.0073 
0.140 0.136 0.044 0.0065 0.0065 
0.180 0.168 0.117 — 0.0077 
0.174 0.162 0.426 0.0083 0.0083 
0.186 0.169 0.429 0.0084 0.0089 
0.160 0.153 0.699 0.0070 0.0076 
0.204 0.202 0.061 0.0082 0.0080 
0.193 0.189 0.511 0.0093 0.0087 
0.212 0.200 0.435 0.0082 0.0085 


III Correlations for Evaporation Constants 


If the evaporation constant, K’, of a stationary fuel droplet 
suspended from a quartz fiber is modified extensively by the 
presence of a second droplet burning in close proximity, then 
one might expect the value of K’ to depend both on the instan- 
taneous values of the droplet diameters and on the distance 
between the droplets. Contrary to this idea, it has been 
found that K’ is constant, within the experimental limits of 
accuracy, for two droplets burning in close proximity. 

The observed values of K’ = (1/2) (K,’ + K;’), for droplets 
in which D,° and D,° did not differ by more than 20 per cent, 
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Fig.4 Experimental results for two n-heptane droplets burning 
in still air 
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Fig. 5 Plots of D? vs. time and C vs. time for two n-heptane 
droplets burning in still air 


are plotted as a function of C® in Figs. 11 to 13 for n-heptane, 
ethyl alcohol, and methyl alcohol, respectively. 

Reference to Fig. 11 shows that the experimental results fall 
roughly into. two categories depending on the initial average 
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Fig. 7 Plots of D? vs. time for two n-heptane droplets burning 
in still air 
droplet diameter D® = (1/,)(D,° + D,.°). The average evapo- 
tation constant increases when C® is reduced from larger 
values with negligible droplet interference, presumably be- 
cause heat losses from the flame surface are reduced by the 
proximity of a second heat source for sufficiently small values 
of C®; K’ reaches a maximum and then decreases again as 
C° is made still smaller. A decrease in K’ for very small 
values of C® could be produced through the creation of 
oxygen-deficient atmospheres resulting from increased compe- 
tition for the oxygen supply furnished by convection and 
diffusion. On the basis of the proposed picture, the maximum 
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Fig.8 Plots of D? vs. time for two ethyl alcohol droplets burning 
in still air 
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Fig.9 Plot of D? vs. time for two ethyl alcohol droplets burning 
in still air 


opposing factors, viz., decreased heat loss and decreased oxy- 
gen supply. The proposed interpretation, if applicable to 
spray combustion, may be of considerable practical importance. 

The experimental data for n-heptane droplets plotted in 
Fig. 11 suggest a strong dependence of K’ on D® unless KR’ is 
not really constant and varies continuously during burning. 
In this connection it should be emphasized that changes of 
R’ with time correspond to changes of the second derivative 
in plots of D? vs. t. These second derivatives, in turn, are 
not defined in our studies because of unavoidable scatter of 
the experimental] data. 

The observed values of K’ = (1/2)(K,’ + K’) for ethyl and 
methyl! alcohol droplets as a function of C° (see Figs. 12 and 
13, respectively) do not permit any simple grouping into 
“small” and large droplets. It appears, furthermore, that 
R’ is a somewhat weaker function of D® for the two alcohols 
than for n-heptane. 

A Correlations for n-Heptane Droplets 

A number of attempts were made to relate K’ with simple 
functions of C®, C°/D°, + D*, (C° + D)/D*, etc., in 
order to reduce the scatter of experimental points for different 
values of B°. These efforts were, however, unsuccessful and 
suggest that the evaporation constant K’, which is independ- 
ent of initial droplet diameter in single droplet studies, loses 
its significance as a basic correlating parameter for two n- 
heptane droplets burning in close proximity. Whether or 
not this conclusion applies to sprays cannot be said without 
further experimental work. The fact that K’ appears to 
vary with D® is shown more directly by pete RK’ as a func- 
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Fig. 10 Plots of D* vs. time for two methyl alcohol droplets 
burning in still air 
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Fig. 11 Variation of the average evaporation constant with C° 
for n-heptane droplets with different initial average diameters ° 


tion of D® for a group of experimental data with nearly equal 
values of + 

Two burning droplets meet the requirements of geometric 
similarity when they have the same values of C/D and of D. 
It is easily shown from plots of C/D vs.D that (nearly) inter- 
secting curves are characterized by greatly different values of 
R’ if the values of D® are different. In other words, if K’ is 
really constant during burning, then the value of the evapora- 
tion constant is determined primarily by the initial con- 
ditions and only to a lesser extent by geometrical arrangement. 

In view of the apparent dependence of XK’ on D®, attempts 
were made to find a simple function of K’ and D® which would 
depend only on C® or on a known function of C° and D®*. An 
obvious choice is the ratio K” = K’/(D°)? to which we shall 


refer as the evaporation frequency. 

In Fig. 14 we have plotted K” as a function of C°/D*. 
Reference to Fig. 14 shows that a fair correlation of all of the 
experimental data has been obtained, the scatter being per- 
haps smaller in similar plots using C® and C® + D® as ab- 


Fig. 12 Average evaporation constant vs. initial droplet spacing 
for ethyl alcohol 
010 
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Fig. 13 Average evaporation constant vs. initial droplet spacing 
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Fig. 14 Dependence of the evaporation frequency K” on C°/p° 
(n-heptane) 


scissa than in the plot shown which uses the dimensionless 
quantity C®°/D°. In the absence of an adequate theory con- 
cerning droplet interference, the significance of the observed 
“correlations” is obscure, as is also any extrapolation to 
sprays. For this reason we must content ourselves with the 
observation that, for two n-heptane droplets burning in close 
proximity, the observed values of K’/(D°)? are fairly well 
represented as a function of either C®/D°, C® or C® + D*. 
Constancy of the evaporation frequency, except for varia- 
tions in C°, means that the fundamental burning rate law for 
fixed values of C® has the form 


(D)? = (Do)? — R(De)*t.. [3] 


B Correlations for Ethyl and Methyl! Alcohol Droplets 


No outstandingly successful group for correlating the ob- 
served data for KX’ as a function of D®, C®, or C®/D® was found 
for the alcohols. The fact that K’ is sensitive to changes in 
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DP can be seen from Figs. 15 and 16 in which curves are shown 
connecting the experimental results obtained for similar values 
of + 


IV Flame Shapes 


are determined largely by convection currents. A qualitative ai 
description of flame shapes can be given on the basis of availa- 7 
ble experimental measurements. 3 
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A Flame Shapes for Single Stationary Fuel Droplets 
Burning in Air 


~ 


According to an elaboration® of observations by Kumagai 
and Kimura (9), a realistic description can be obtained forthe __ — 
flame shape surrounding a burning, single, stationary, drop- 
let of fuel in air by allowing for the influences of free con- _ by 
vection. 

A burning fuel droplet in air must produce free convection — ‘3 = 
currents. In Fig. 17 we show a schematic diagram of the eS 
flame shape for a single droplet. We shall assume that the __ 
convection velocity corresponds to a uniform flow with 
velocity U at some distance upstream from the initial, un- — 
disturbed, flame front. The combination of burning droplet 
and convective flow then acts as a source in a uniform flow 
field and, at steady burning, establishes the flow pattern 
corresponding to a half body as lower boundary. The stream 
surface through the lower stagnation point may be thought of 
as dividing initially the stream lines originating from the 
source (fuel droplet) and the stream lines established by con- 
vective flow. This situation is, however, unstable, and diffu- 
sive transport of oxidizer and fuel across the stream surface 
must be established. The tangential flow velocities at the 
stream surface of fuel vapor and air are initially equal. Pre- 
sumably concentration and temperature gradients are estab- 
lished during steady burning in such a way that diffusive 


Fig. 17 Schematic diagram of burning fuel droplet. 
The streamlines are identified by arrows 


transport of fuel and oxygen brings a stoichiometric mixture lower boundary is the stream surface corresponding to a source 
roughly to the stream surface, thereby making the lower of strength may/py(mp = mass rate of burning of fuel droplet, 
stream surface a flame surface. pr = density of fuel vapor) in a uniform flow of velocity U; 
Some of the fuel vapor is deflected around the stream sur- the upper flame surface may be described as the flame front 
face and ultimately moves vertically upward through a for a cylindrical diffusion flame with the inside cylinder of 
cylinder of diameter 2b. An air flow is established parallel diameter 2b and flow velocities of fuel and air equal to U. 
to the fuel flow, moving with a velocity which, in first approxi- The postulated description of the flame surface leads to re- 
mation, may be assumed to be uniform and equal to U. sults which are in accord with the observations of Kumagai 
Hence conditions are established for the formation of an over- and Kimura. 
ventilated diffusion flame and the flame height can pre- Thus [4] 
sumably be calculated roughly from the classical treatment of and MN cc 5] 


Burke and Schumann for diffusion flames. 

The preceding remarks may be summarized by noting that 
the effect of free convection is, in first approximation, a dis- 
tortion of the spherical flame front to a flame surface whose 


Furthermore, since U sin@ (i.e., the tangential flow velocity of 
air at the stream surface) must ‘be equal to the tangential flow 
velocity of fuel vapor, one would expect that U and mp are 
proportional to each other. Thus 


6 The present discussion is based on ideas formulated by Pro- [6] 
fessor L. Lees and one of us (SSP). We are indebted to 
Professor Lees for permission to include this material in the pres- SINCE mp 1S known to be proportional to the diameter of the 
ent report. burning fuel droplet. Also b/a should be a constant for a given 
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fuel droplet and oxidizing medium; Kumagai and Kimura 
(9) found 6 itself to remain unchanged for cetane oil 
as the droplet diameter was increased from about 0.07 to 
0.12 cm. 

Although the picture of the formation. of a heterogeneous 
diffusion flame given above seems qualitatively correct, it is 
apparent that a complete solution of the problem under con- 
sideration cannot be obtained without a quantitative analysis 
of energy transport to the droplet from the flame boundaries. 
However, the qualitative considerations based on the work 
of Kumagai and Kimura and sketched above suggest that 
the following important results will be obtained: (a) my, 
weakly dependent on flame shape; (b) U proportional to D; 
(c) h proportional to b?D; (d) 6 weakly dependent on D. 


B_ Flame Shapes for Two n-Heptane Droplets Burning in 
Close Proximity 


For two n-heptane droplets burning in close proximity, it 
has already been noted that a, 6;, a2, and 6b. change very 
little during droplet burning. Furthermore, reference to the 
original experimental data shows that the ratio of b to a is not 
sensibly different from unity and does not seem to depend 
strongly on C°. In some cases the distances of the flame sur- 
faces from the droplet surfaces remained constant during 
burning (see Fig. 2). 

The droplet spacing parameter C is, of course, determined 
through the geometric arrangement. Thus 


C = Co + (1/2)(D,° — + (1/2)(D° — Dz) 


or 


C = Co + (1/2)D,(1 — WKy't/(D,)?) + 
(1/2)D.%1 — 


Needless to say, the time dependence of C is well represented 
by Equation [7]. 


V_ Dimensional Analysis Relating to the Burning 
of Liquid Droplets 


Since the experimental data obtained in the present inves- 
tigations are not intelligible on the basis of existing theoretical 
studies for the burning of single fuel droplets (4), it is of in- 
terest to re-examine the problem at least qualitatively in an 
effort to understand the dimensionless groups which govern 
droplet burning. We take the detailed theoretical studies for 
single droplets as a guide in this work. In view of the ob- 
served importance of chemical effects, which is emphasized 
by the differences between the alcohols and n-heptane, we 
cannot expect a complete answer without introducing explic- 
itly dimensionless groups depending on chemical reaction 
rates. We note, however, that existing theoretical studies 
must be deficient since, for example, no really satisfactory ex- 
planation exists for the variation of burning rate with pres- 
sure. 


A The Burning of Single Droplets 


The burning of a single stationary fuel droplet in an oxidiz- 
ing atmosphere involves the following 23 variables: Mass 
burning rate of fuel droplet m,; stoichiometric ratio of mass 
of O2 burnt for unit mass of fuel burnt, v; constant pressure 
p; specific latent heat of evaporation of fuel droplet Al; 
standard specific enthalpy difference between reactants and 
reaction products g; droplet diameter D; specific heats at 
constant pressure C,,.p, and C,,9; densities p,, p,, and 
pa; temperatures 7, T., and Tog = T,; thermal conductivi- 
ties \y and viscosity coefficients ny, no, and diffusion 
coefficients D, and Do. Here the subscripts 1, P, F, O, and 
A identify liquid fuel, combustion products, gaseous fuel, 
oxygen, and air, respectively. The temperature 7’, is the 
temperature at the reaction surface. In our physical model 
the system is characterized by average diffusion, viscosity, 
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and thermal conduction coefficients on the fuel and air sides of 
the flame front. A suitable set of 18 dimensionless groups’ 
is the following: Schmidt number Sc = ny/pprD,, Prandtl 
number 


Pr= Ap; pi/ Pr; pa/ Pr; T,)/Al, Do/Dz, 

qg/Al, (T, — To)T. — pal/paRaTo 


where R, is the gas constant per gram of air, the Grashof 
number® Gr = D%p*g8’(T, — To)/n4? where g is the accelera- 
tion of gravity and §’ the coefficient of expansion of air, and 
K’/D, with K’ = — d(D*)/dt as the evaporation constant. 

From the conservation of mass equations it is apparent that 


d 


whence 


From the analytic solution (4) for m, (using constant aver- 
age values for specific heats and thermal conductivities) it is 
easily shown that 


where r,/r, represents the ratio of the radius of the fuel drop- 
let to the radius of the flame surface. The ratio r,/r, is a com- 
plicated function of several of the dimensionless groups listed 
previously. By utilizing experimental results obtained for 
the burning of single droplets we are now able to draw some 
useful qualitative conclusions. 

It has been found that K’ is constant during burning and is 
therefore independent of the instantaneous value of D. Ref- 
erence to the 18 dimensionless groups shows that only Gr, 
which determines the magnitude of the convection currents, is 
a function of D. The constancy of K’ during burning there- 
fore suggests that the convection currents induced during 
burning have no important effect on K’. This observation is 
in agreement with the result that absolute values calculated 
for K’, without considering the influence of convection, 
are in fair agreement with experimental measurements (4). 
The functional relation given in Equation [9] also involves the 
assumption that convection effects may be neglected in first 
approximation. 

Reference to Equation [9] shows that K’ is a linear function 
of ppD, and of other terms which are pressure independent, 
except possibly for r,/r,. It has been found experimentally 
(3) that K’ varies as p'/*. Hence, in terms of the simple 
picture used in the derivation of Equation [9], it follows that 
[1 — (r,/r,)] must vary as p~'/* in order to account for the 
observed variation of K’ with pressure. In a more general 
analysis, in which proper allowance is made for radiant heat 
transfer and which does not involve the assumption that 
chemical reactions are fast compared with the transport proc- 
esses, a dependence of K’ on pressure may be introduced 
through the effect of pressure on radiant energy transport or 
through pressure-sensitive chemical reaction rates. There is 
an obvious difficulty in attempting to account for the pres- 
sure variation of K’ through the influence of the Grashof num- 
ber and free convection currents. Thus, since K’ is constant 
during burning, it must be independent of (droplet or) com- 


7 According to the Buckingham Pi theorem, the number of di- 
mensionless groups usually equals the number of variables minus 
the number of dimensions. There are five dimensions in the 
present problem: length, time, mass, temperature, heat. 

8 The Grashof number may well involve the diameter of the 
combustion surface, 2r., rather than D = 2r;. Since r, and r: 
are related, this change will not affect the following arguments. 
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bustion surface diameter. But K’ is a more sensitive func- 
tion of this length than of pressure. Therefore, the pressure 
dependence of K’ should probably not be attributed to the in- 
fluence of Gr.® 


B Two Droplets Burning in Close Proximity 


For two droplets of equal size, whose centers are separated 
by a distance C® + D®, we have the additional variable C® + 
P’ and the new dimensionless group D/(C® + D®), where D 
is the diameter of the burning droplets. Since it has been 
found experimentally that K’ for each of the two droplets is 
also independent of the instantaneous value of D, it seems 
likely that convection effects are again of secondary impor- 
tance. However, K’ may not be a function of D/(C® + 
D*) but rather of the initial drop diameter D® itself (with the 
exact dependence varying with fuel type). This result is 
difficult to understand since it suggests that the entire burn- 
ing process is influenced by the initial configuration unless, of 
course, K’ is not really constant during burning but varies so 
little that its change with time (i.e., the change of the second 
derivative in a plot of D? vs. time) cannot be detected with 
certainty. If K’ is really constant during burning, then we 
are dealing again with a fundamental problem similar to that 
involved in the pressure dependence of K’ for single droplets. 
Questions of this sort are not answered by dimensional studies 
alone. 


C_ Five Droplets Burning in Close Proximity 


Some experimental data have been obtained also for the 
burning of an array of five ethy] alcohol droplets in air. Four 
of the droplets were located at the corners of a square and the 
fifth in the center of the square. The square of the diameter 
for the droplet surrounded by four other droplets was again 
found to decrease linearly with time, with the apparent value 
of K’ about 20 per cent larger than for similar studies on two 
droplets burning in close proximity.” The work has not yet 
progressed to the point where the variables determining the 
absolute value of K’ are properly defined. 


Conclusions 


The most important results obtained in the present investi- 
gations are the following: (a) within the limits of experimen- 
tal accuracy, the evaporation constant K’ is invariant with 
time for two droplets burning in close proximity and also for 
the center droplet of a five-droplet array; (b) the absolute 
value of K’ is not determined by chemical composition alone 
but depends also on droplet arrangement. The first conclu- 
sion is of considerable practical interest since it supports the 
type of phenomenological considerations used by Probert for 
analyzing spray combustion. In general, it appears unlikely 
that D? will not decrease linearly with time, in good approxi- 
mation, for arrays and sprays which are more complicated 
than those considered by us. The second conclusion under- 
lines the doubts expressed in our introduction about the prac- 
tical value of results derived from studies on single droplets 
and simple droplet arrays. In fact, if K’ is really dependent 
on injector design, then it would be better to carry out 
fundamental studies on spray combustion with injector 
configurations of the type used in service models. An over-all 


® The effect of pressure on convective heat transfer to burning 
droplets has been discussed, for example, by Wise, Lorell and 
Wood (Fifth Symposium on Combustion, pp. 139-140, Reinhold 
Publishing Corporation, New York, N. Y.). Goldsmith and 
Perkins (5) have found that the mass burning rate of single drop- 
lets is a weak function of air velocity in forced convection experi- 
ments. Finally, current experimental results suggest that K’ 
varies as a weak power of the pressure with the exponent depend- 
ent on fuel type. 

10 Recent preliminary experiments by Lt. J. Kanevsky on nine 
droplets arranged in a body-centered cubic lattice have again 
led to the conclusion that, for the center droplet, the square of 
drop diameter decreases linearly with time. 
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description of combustion rates in terms of parameters such 
as an average K’ for a spray and an average residence time 
t, for all of the droplets is sufficient for practical purposes. 
Quantitative predictions of absolute values for K’ in sprays 
must await more detailed understanding of the importance of 
chemical reaction rates and convection effects than we shall 
possess for a long time to come. 
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Technical Notes 


Interpretation of eld 
a Criterion for Optimization of 

Multistage Rockets 

DANDRIDGE M. COLE! and L. IVAN EPSTEIN? 
3 The Glenn L. Martin Company, Baltimore, Md. : 


STUDY has been made of the problem of optimizing mul- | 


tistage rocket configurations in so far as performance is 
affected by changes in the number of stages and redistribution 
of the fuel and structure weight among the stages. The 
optimization criterion selected was maximum burnout velocity 
for given take-off weight. Both tandem (series burning), 
Fig. 1, and lateral (parallel burning), Fig. 2, configurations 
were investigated. 


multistage rocket 


The theory of multistage rockets has been Heined by 


Malina and Summerfield, whose notation (1)? has been used 
here as far as possible. While they mention only tandem 
staging explicity, it is important to note that their mathema- 
tical reasoning remains valid without change in the case of 
parallel multistage rockets. 

In the case of the tandem rocket, the motor of one stage, 
A, burns alone until its fuel is exhausted. It is then discarded 
and, at the same time, the motor of the next stage, B, is ig- 
nited. This burns until its fuel is exhausted, and so on. 

In the lateral, or parallel, arrangement all rockets burn 
simultaneously. At the same time, fuel is pumped from the 
outer to the inner rockets at such a rate that the fuel tanks of 
all except the outermost units remain full. When the ou 
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Fig. Tandem 


most units, A; and A», are empty, they are discarded. Fuel 
is then pumped from the next pair of units, B, and B, inward, 
and soon. The asymmetric arrangement, consisting only of 
units A;, B,, and C, and in which fuel is pumped from A, 
and B, to C, is not emphasized in this note because of its 
tendency to fly in a curved path and the complexity of the 
control problem. 

The rocket stages are numbered in the order in which they 
are discarded. In the parallel arrangement, A, and A2, con- 
taining motor, fuel, and structure, are the disposable compo- 
nents of the first stage. M,‘") denotes the (combined) empty 
mass of the motor(s) of the nth stage, M,“ denotes the mass 
of propellant, M;, which is regarded as the payload mass of 
the nth stage, is defined to be the combined unburnt mass 
of the (n + 1)th and all subsequent stages. 

Let vy be the total velocity of the rocket in the absence of air 
drag when the last stage ceases to burn, let go be the accelera- 
tion of gravity (assumed independent of altitude), tp the com- 
bined burning time of all stages, and ce, the exhaust velocity of 
the jet with respect to the vehicle. It is assumed that the 
rocket rises vertically. Malina and Summerfield define the 
quantity S = (vy + gotp)/ca as a measure of achievement. It 
will be noted that Scg would be the final velocity in the absence 
of gravity. Let 


chai Ni is the cakes of stages. It can be proved that 
S=InZ. 

Malina and Summerfield assume that M,“/M,™ is inde- 
pendentofn. Thisisa fair approximation in practice. They 
then state the following theorem: 

For given values of S, N, and M,, the total initial mass 
=M,.© + M,© + isa minimum if 


Mi” M.™ 


independently of n. This theorem applies to parallel] con- 


figurations as well as to the tandem rockets described in Ref. 1. 

It is important that the theorem is valid only for a constant 
number of stages, N. A rocket with a greater number of 
stages, but deviating from the Malina-Summerfield rule, may 
have a larger S than one having fewer stages, but obeying the 
Malina-Summerfield rule. 

Consider a multistage rocket obeying the Malina-"Summer- 
field rule. Let another multistage rocket be designed which 
has the same payload, structure weight, and propellant 
weight, but all motors identical with that of the last stage of 
the Malina-Summerfield rocket. In all cases which have been 
investigated, it was found that the second (equal stage) 
case gives the larger S. 

A thorough comparison of tandem and parallel configura- 
tions is beyond the scope of this note. A selection of one or 
the other type of staging would depend on the practical con- 
siderations related to a specific application. Two important 
advantages for parallel staging are higher thrust-to-weight 
ratio and ignition of all motors before launch. Tandem 
staging, on the other hand, has the advantage of lower ac- 
celeration and cleaner design. 


Reference 


1 Malina, F. J., and Summerfield, M., ‘‘The Problem of 
Escape from the Earth by Rocket,’ Journal of the Aeronautical 
Sciences, vol. 14, Aug. 1947, p. 471. 
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Jet Aircraft, Engines 


ee of F-100C Super Sabres are now being made 
from North American’s Columbus, Ohio, Division in 
addition to the Los Angeles facility. The F-100C is already 
on operational duty and incorporates inflight refueling pro- 
visions, storage space for extra fuel and bombs (including 
atomic weapons) under its wings, and electronic bombsights. 
Added fuel capacity allows it to escort bombers or for use as 
afighter bomber. Armament is four 20-mm cannons. Specs: 
span 47 ft; length, 38 ft; height, 15 ft; the Super Sabre can 
exceed the speed of sound in level or climbing flight. 


@ A high speed photo-recon plane, the McDonnell RF-101A 
Voodo, is being delivered to the Air Force. The craft 
(photo) will enable supersonic photo missions. The RF- 
101A is powered by two J-57 turbojets which deliver a total 
of 20,000 lb thrust (without afterburners). Two other models 


are a fighter version (for Strategic Air Command) and the 
F-101B for the Air Defense Command. 


McDonnell 


RF-101A phote-recen Voodoo 


@ On a 500 km closed course, the bantam carrier-based atom 
bomber, Douglas A4D Skyhawk averaged 695.163 mph. 
The A4D carried a normal load of JP-4 and was powered by 
one J-65 Sapphire turbojet (without afterburner). The 
310.68 mile course at Edwards AFB, Calif., was covered in 
only 26.8176 min. 


@ Demon, McDonnell’s F3H-2N jet fighter has been qualified 
for carrier duty in recent Navy tests. Demon is powered 
by one Allison J-71 turbojet engine of 10,000 lb thrust plus 
(with afterburner). Speed is on the 600 mph class. Arma- 
ment consists of rapid firing, high velocity 20-mm cannon 
plus rockets and externally stored weapons. 


@ New Canadian all-weather interceptor is the CF-100-4C 
by Avro. The craft can cruise at a speed of over 600 mph and 
has a ceiling of over 55,000 ft. Another Avro project is being 
taken over by the U.S.A.F. This is the so-called “flying 
saucer” aircraft which is disklike and is powered by a flattened 
turbojet engine. Canadian investment has been almost 


$0.5 million to date with an estimate that $100 million would 


be required to build a flying prototype. The American proj- 
ect is to be carried out by ARDC. At the same time the Air 
Force announced the taking over of the Avro project, they 
released a statement about the other so-called “‘saucer” sight- 
ings. They concluded that previous sightings could be 
explained as natural objects. In addition, the report said 
that it was improbable that the saucer sightings reflect ob- 
servations of technical developments outside our present 
scientific realm, as one would have been led to believe by 
proponents of ‘‘space visitors.” 


@ The F-107A, by North American, is said to feature a varia- 
ble area intake for optimum thrust delivery. It is designed 


to operate at Mach 2 and is to get its power from a P&W J-75 
turbojet. 
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707 in civies Boeing 
@ The Boeing 707 jet transport now has logged 319 hr in 
the air. One test, a nonstop flight from Seattle to Washing- 
ton, D. C., a distance of 2340 miles, was completed in 3 
hr 58 min at an average speed of 592 mph. The 707 
has flown at altitudes of over 45,000 ft and at speeds of over 
600 mph. The prototype grosses 190,000 lb, while produc- 
tion models will tip the scale at 230,000 lb. Pan American 
World Airways has purchased 20 of the 707’s (photo) for use 
in its commercial operations during the forthcoming years. 


e@ Two British interceptors—the Avro and the Sanders- 
Roe—are said to utilize combination rocket-turbojet power 
plants. Peroxide engines may be used. 


@ Flight tests of the 600 mph jet seaplane, the XP6M-1 
Martin Seamaster have been successful. Powered by four 
Allison J-71 turbojets with afterburners, its specs include: 
length, 134 ft; span, 100 ft; height, 31 ft; hull width, 10 ft; 
payload, 30,000 lb; cruising altitude, 40,000 ft (photo). 
Designed for mine laying and photo-recon work, the Sea- 
master has such features as: tall T-shaped tail, wing-tip jet 
engine nacelles, and fixed plastic wing-tip floats which pro- 
vide buoyancy while the aircraft is in the water. 


Martin 
Seamaster in the air. Note overslung turbojets and shiny 
afterburners 


@ Current ramjets are in the 100,000 hp capability class, says 
L. E. Dunn of Marquardt Aircraft. One big item in testing 
is furnishing air for the engine. Static test might need 700 
lb of air at 120 psi. To supply this high pressure air might 
require compressors of 170,000 hp (for continuous operation). 
A blow-down system is used which has 6 storage vessels with a 
total capacity of 39,000 cubic feet and pressurized to 250 
psi by a 1250 hp compressor plant. Test runs of 45 sec 
can be made each 1.5 hr. In addition, turbojet engines have 
been used for exhausters, Fuel flows at tests have been up 
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For simulation of ram air, heat 
addition required is about 300 million Btu/hr output for a 45 
see run. 


to 25 gpm at over 500 psi. 


@ The Comet 2 has successfully completed trial runs in certi- 
fication tests for tropical flight. . In previous tests, the Comet 
2 established an official speed record between London and 
Khartoum (3068 ‘statute miles) at an average speed of 481 
mph. A number of Comet 2’s have been ordered by the 
RAF and deliveries are expected during 1956. The liner is 
powered by four Rolls-Royce Avon turbojets of 7300 lb 
thrust each. Loaded weight is 120,000 Ib with a payload 
capacity of 13,000 lb. 


@ Boeing is to produce 80 502-10C gas turbines for the Navy. 
The engines will be used to propel two types of small craft 
and to power generators. 502-10C develops 220 maximum 
hp as compared to earlier models which deliver 175 hp. In 
another jet-propelled water vehicle, Donald Campbell hit a 
top speed of 239.5 mph at Lake Mead, Nev. The 4000 lb 
Bluebird II averaged 216.2 mph. A 40-ft boat is to evaluate 
the performance of another turbojet engine, the T-552 
“Jupiter.” The 1000 Ib Solar Aircraft engine develops 50 
hp. 


The Canadian Orenda PS-13 turbojet engine is said to 
be rated at 20,000 lb thrust and has completed over 130 hr 
in test stand runs. 


@ Since the end of World War II, some 85,000 turbojet en- 
gines have been built by U.S. manufacturers. 


@ Called the most powerful jet engine in the world, the 
deHavilland Gyron with a lower thrust level of 15,000 lb 
thrust is now under active testing. The weight and maxi- 
mum thrust with afterburner are still secret. The engine is 
154 inches long and has an over-all diameter of 46'/, inches 
(less accessories). Present flight tests are being carried out 
in the Short Sperrin bomber (photo). Gyron Junior, of about 
8000 Ib thrust, is now under development. 


British Information Services 

Gyron turbojet. Top, Gyron is in lower nacelle of Sperring. 


Rockets, Guided Missiles = 

Rockets and Missiles. A new launching method has been 
successfuly employed with the Chance Vought REGULUS, 
SSM-N-8, missile. REGULUS is mounted on a special, 
mobile, nonexpendable launching cradle (photo). The 
cradle can be hooked up to the regular catapult system of an 
aircraft carrier and launched like any other jet aircraft 
(photo). The new system eliminates costly RATO bottles 
and speeds up the launching process. Another Navy missile, 
the PETREL, AUM-N-2, a Fairchild air-to-underwater 
guided missile, is now entering the operational stage according 
to the Navy. The second sub to be converted to guided 
missile use is the USS Barbero (SSG-317). After extensive 
Pacific training, the sub will join the first US missile-launcling 
sub, the USS Tunny. Both subs can launch the REGULUS 


Chance Vought 


REGULUS in launching dolly 


Chance Vought 


REGULUS gets catapult launch 


@ Six CORPORAL Field Artillery Battalions are departing 
for Europe after having completed training at Fort Bliss, 
Tex. Each CORPORAL battalion consists of two batteries 
and each battery has five launchers. A battalion requires a 
crew of 250 personnel. The all-weather missile, capable of 
delivering standard or nuclear warheads, has a range of 50-75 
miles. CORPORAL is 46 ft long, has a diameter of 2.5 ft, 
and grosses about 5 tons. Next larger Army missile under 
development is the REDSTONE which now has a range re- 
ported as 200-400 miles with ultimate range extension to 
500-700 miles. The REDSTONE is about 60-65 ft long with 
a diameter of 5-6 ft; the single-stage rocket is powered by a 
North American liquid propellant engine which delivers about 
70,000 Ib thrust, giving it a speed of about 4000 mph. The 
Army recently announced its intention to develop a larger 
missile with a range capability of about 1000-1500 miles. 
Meanwhile, a recent HONEST JOHN firing at the Shima- 
at Japan, has thrown light 
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on the capabilities of the missile. The 27-ft, 6000-lb missile 
was fired into an impact area 10,000 meters away. Seconds 
later, the rocket hit the target only 40 meters short of the bull. 
This December 1955 firing used a concrete warhead. 


@ An additional $7.796'/. million for research and develop- 
ment work in guided missile control systems was awarded to 
the Raytheon Manufacturing Co., by the Army Ordnance 
Corps. The award brings to a total of $17 million since work 
began in 1953. Work is to continue at Bedford, Mass. The 
Raytheon missile is reported to be called the HAWK. Itisa 
surface-to-air missile for Army Ordnance and is designed as a 
low-altitude defense weapon to supplement the NIKE. 
Other new missiles are the DOVE (Eastman Kodak) for 
air-to-surface and air-to-underwater purposes; the GOOSE 
(Fairchild) and CORVUS, both of undisclosed capabilities. 
DART is an Army antitank artillery missile being developed 
by the Aerophysics Development Corp.; the latter group was 
recently made a part of the Studebaker-Packard Corp. 


@ The Air Force long range missile proving ground in Florida 
is being expanded. The United States and Britain are ex- 
pected to agree on extension of the Patrick AFB range to 
British St. Lucia island (Windward Islands group). This 
would make possible ranges of 1600 miles. Negotiations are 
also said to be in progress which would allow extension to St. 
Helena island off the African coast for testing of an ICBM 
with a range of 5500 miles. Unofficial reports indicate that 
facilities for static testing and launching of the ATLAS, 
§M-65, ICBM are being built at Patrick. Talks with Brazil 
for establishing a station near Natal (the bulge on the South 
American coast opposite Africa) were also reported. A 
1575-mile long underwater telephone cable was laid by 
Westinghouse Electric Co. This cable stretches from the 
Patrick base to Mayaguez, Puerto Rico, is the world’s largest. 
The Florida site has already been selected as the jumping-off 
place for the VANGUARD program. 

@ Ballistic rockets and guided missiles are now being “dry- 
fired” on the new UNIVAC computer at the White Sands 
Proving Ground. The Remington Rand digital device will 
simulate the flight of new rockets. In addition to providing 


for variables not previously quickly calculated, the com- ~ 
Recently, 


puter is expected to make actual firings more safe. 


a missile booster which was fired at White Sands went off- 
range and hit a natural gas pipe line near Alamogordo, N. 
Mex. Another new development at White Sands was re- 


Baldwin-Lima-Hamilton 


Thrust measuring and calibration system at WSPG sy 
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ported by the Baldwin-Lima-Hamilton Corp. The calibra- 
tion system at the 500,000 lb vertical test stand was revealed 
consisting of measuring and calibrating equipment combined 
(photo). Hydraulic lines supply a known force to the stand 
and instruments pick up the force. The system saves cali- 
bration time, does not use springs, and gives checks of within 
0.1 per cent of actual loads. 


@ The Mechanical Test Laboratories of Convair have been 
conducting ejection tests at the rocket test track at Edwards 
AFB (photo). The tests are conducted with a 6-ft, 200-lb 
anthropomorphic dummy in an actual nose section of the F- 
102A mounted on a rocket sled. . The nose section is equipped 
with the standard pilot escape system for the F-102A. As 
many as ten 11,000-lb thrust solid propellant rocket motors 
have propelled the sled during these tests although a maxi- 
mum of 16 rockets, developing a total thrust of 176,000 lb can 
be mounted on the sled. A single sustainer rocket motor 
maintains a constant speed through the ejection phase of the 
test. The peak velocity of the sled which depends on the 
number of rockets used, ranging from Mach 0.3-0.98, has been 
reached in about 3000 ft of track. High-speed cameras, ex- 
posing 1000 frames per sec, record the results of the tests. 
In later tests, a $3000 anthropomorphic dummy with simu- 
lated spine, pelvis, and other bony structure, will be subjected 


to tests. 


(Continued on page 194) 


Ejection sequence. Top left, booster rockets accelerate vehicle. 
Top right, bottom canopy blasts off, dummy begins ejection 


Convair 
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BRITISH MISSILES— 
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Left photo shows Britain’s first guided missile which was de- rocket motors of 900-lb thrust each are used for sustainers while 
signed and developed in 1945 or 1946 by the Fairey Aviation Co. two 600-lb thrust solid propellant rockets provide launching 
for the Ministry of Supply. Power comes from four 75-Ib thrust boost. The Woomera tests were used to study launching air- 
rockets of 3-in. diam. Burning time is about 2 sec. Speeds of craft at low accelerations from ramps in near-vertical positions. 
200-500 mph were reported. Missile length is 7-ft, 5'/.-in. At right is seen the assembly and electronic check-out of an 
diam, wingspan is 6 ft 10 in., tail span, 4 ft. A more recent model undisclosed guided rocket by the Ministry of Supply; these 
(ca 1953) is shown in the center; this is the Fairey VTO delta- models are of more recent vintage which exhibit near mass- 
wing model which was tested at Woomera, Australia. Two Beta production techniques. 


Unique British cluster techniques for booster rockets are shown 
in this photo group. At left is a new ramjet missile developed at 
the National Gas Turbine Establishment at Farnborough; this 
ramjet has a speed capability of about 2000 mph. An early mis- 
sile using cluster rockets was developed by the Armstrong 
Whitworth firm (center) while the photoat right shows the booster 
breakaway pattern. 


Above photos show a wide variety of missile applications. launchings at this site of rockets with lengths of up to 
A two-stage ground-to-air rocket is launched at the left; 20-ft and diameters of 17-in. A guided air-to-air rocket is 
this firing is at a rocket range in South Wales. Note the launched from a Meteor jet fighter (center). At right is 
large gantry and battery of launchers. No specifications seen a ground-to-ground 30-tube rocket launcher. The 
were given on this rocket but other photos have shown rockets are of 4 to 5-in. caliber. 
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SUPER SPRITE 


Detailed sectional drawing 


N JANUARY 1955, the deHavilland SUPER SPRITE 

ATO rocket (photo) became the first British rocket engine 
to receive type approval. Since then, security restrictions 
have been lifted to reveal details of this new engine. Specifi- 
cations inelnde: 


4,200 lb 
Peroxide tank capacity................. 57 gal 
Nitrogen storage pressure................. 3,000 psi 
Chamber temperature................. 1,500 C 


Mixture ratio (oxidizer:fuel)............ 20:1 


Minimum drop altitude................. 1,000 ft 

Maximum drop speed................... 250 knots 


while a schematic drawing (photo) shows the general arrange- 
ment. Propellant feed is by 9 nitrogen bottles (a). Propel- 
lants used are hydrogen peroxide in a stainless steel tank (h) 
and kerosene or wide-cut gasoline in a tank (n) around the 
nozzle. Cockpit controls are A and B. Both have to be 
closed to fire. A is the safety switch which operates (c). 
Operation of switch B opens safety valve (c) by means of the 
actuator (d) and lets nitrogen pass to a solenoid valve (e) 
and then to distributor valves (f and g). The nitrogen feeds 
to the peroxide tank first. When the tank is at 14 psi, the 
inlet valve (7) opens and allows the peroxide to be sprayed 
onto the catalyst. A deHavilland spokesman has reported 
to Jer Propusion that the catalyst unit is made of silver 
plated gauze. The catalyst decomposes the peroxide into 
oxygen and superheated steam at 500-600 C. Engine 
operation begins with the peroxide alone (“cold’’). The fuel 
valve (k) opens at a pressure of 250 psi or about after the 
engine has been operating ‘‘cold” for 1 sec. This action al- 
lows the peroxide to enter the engine before the fuel. The 
nitrogen distributor valves act as vents during filling and 
standby before firing. Since the engine is only partially 
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1, HYDROGEN PEROXIDE TANK 
2. MAIN TRUNNION 
PORT 
3. HYDROGEN PEROXIDE CHECK 
VALVE 


JOINT 
18. COMBUSTION CHAMBER 


19. FUEL COLLECTOR PIPE 

20. COOLANT JACKET 

21. BEARER ARM STARBOARD 

22. STACK PIPE 

23. PEROXIDE TANK NITROGEN 
INLET 


. FUEL FILLING POINT 

. DISTRIBUTOR AND STARTING 
VALVE 

26. NITROGEN SERVO PIPES 

27. NITROGEN FILLING VALVE 


31. COMBUSTION CHAMBER 
32. FLAME TUBE 


34. FUEL INLET PIPES 
35. PEROXIDE CHECK VALVE DRAIN 


36. PEROXIDE COLLECTOR PIPE 
7. NITROGEN BOTTLES 

38. PEROXIDE TANK DRAIN 

39. FRONT LIFTING EYE 

4. ELECTRICAL FIRING CONNEC- 


41. LOW PRESSURE NITROGEN FEED 
PIPE 


42. REAR LIFTING EYE 
43. HYDROGEN PEROXIDE FILLING 
POINT 


44. FRONT MOUNTING 

45. PEROXIDE TANK VENT 

4. NITROGEN FEED PIPE TO FUEL 
TANK 


47. NITROGEN FEED PIPE TO 
PEROXIDE TANK 
48. MAIN TRUNNION MOUNTING 
FACE, STARBOARD 


Inside the combustion chamber a flame tube (m) separates 
the gas flow; the cooler steam and oxygen pass the outer 
chamber wall while the hotter fuel combustion gases pass 
down the center. Mixing. of the two streams is near the 
nozzle. The nozzle is regeneratively cooled. The baffles 
(0) keep the fuel in contact with the nozzle. For operation, 
the pilot closes the first switch (A) during the early ground 
run and switch (B) when the critical speed has been reached. 
After firing, the switches are left open to purge the system 
of unused propellant. The unit is completely self-contained 
and is jettisonable for recovery and reuse. Detailed draw- 
ings (photo) show the innards of the SUPER SPRITE. 


SUPER SPRITE 


SwiTcH A 


switch B 
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SUPER SPRITE schematic a 


Peroxide inlet valve 

Solid catalyst bed 

. Fuel stop-valve 
Fuel injector 

. Flame tube 

Fuel tank 


_deHavilland 


Nitrogen bottles 
. Reducing valve 
Safety valve 
Electric actuator 
Solenoid valve 
Nitrogen distributor valve 
Nitrogen distributor valve 
. Hydrogen peroxide tank 
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— wef 6. DECOMPOSITION UNIT RETAIN- 
40 
a / = \ 28. NITROGEN PRESSURE GAUGE 
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. a 4000-acre site near Denver, Colo. 


_@ Second ICBM will be developed by the G. L. Martin Co. 
The Air Force ICBM 
is not designated as the WS-107. A 500,000 sq ft facility 

will house the project. 


_@ The Gas Dynamics Facility wind tunnel at the Air Force 

_ Arnold Engineering Development Center at Tullahoma, 
_Tenn., has been utilized for testing models of the FALCON, 

REDSTONE, and the nose cone of the ATLAS. 


@ A new Air Force contract was announced by Ryan for 
_ 1956 production of the Q-2A FIREBEE target drone. FIRE- 
_ BEE has attained an altitude mark of 45,000 ft and a speed of 
oe ~ mph. Speculation i is that the drone may be pitted against 

the FALCON in tests. Another such missile contest was re- 
cently made when the NIKE was fired against the MATA- 


DOR at White Sands. Both hits and misses were recorded. 


_ Meanwhile the NIKE B, an improved version of the present 

_ missile, may have a range of 50 miles and a speed of 2200 
mph. The present version has a range of about 25 miles and 
a speed of 1500 mph. There is a possibility that the NIKE, 
SAM-A-7, will be utilized in the near future for the defense of 
cities and Army installations in Germany. 


@ During the 1955 fiscal year, order for guided missiles to- 
talled $1,014,077,000. This was 23.7 per cent of the sum 
allocated for piloted aircraft for the same period. 


Rocket Aircraft. X-2, the Bell Aircraft supersonic rocket- 
propelled aircraft has successfully completed powered flight 
tests at Edwards AFB, Calif. The X-2 was designed to in- 
vestigate the heat barrier. The new craft is powered by a 
Curtiss-Wright rocket engine which is designed to exceed the 
speed of the Bell X-1A which reached a speed of 1650 mph in 
December 1953. Innovations include: stainless steel and 
K-monel for fuselage and wings; flat skid landing gear (which 
allows more fuel to be carried); heavily insulated cabin (pres- 
surized and detachable); and a tempered glass windshield to 
withstand 1000 F, which is infrared ray resistant. The X-2 
is also carried aloft by a mother plane for launching (photos). 


@ The British Ministry of Supply has announced that the 
A. V. Roe AVRO-720 turbojet-rocket interceptor develop- 
ment project has been shelved. A similar project, the Saun- 
ders-Roe SR-53 is still under development. 


Bell Aircraft" 


@ The USAF-Navy-NACA research aircraft has been named 
the advanced Research Aircraft (X-15). Its single power 
plant will develop 20,000 Ib thrust with an altitude capability 
of about 50 miles. North American is reported to be the con- 
tractor for this project. 


@ The Dassault 550 deltawing interceptor combines turbo- 
jet and rockets. It has two Armstrong Siddeley Viper turbo- 
jets and one liquid propellant rocket engine. The 550 re 
cently underwent flight evaluation tests for the French Air 
Force. 


Satellites. Contract for the second stage of the \AN- 
GUARD satellite was awarded to Aerojet-General. The 
satellite vehicle will be of tandem configuration witl de- 
creasing forward diameter. The first stage (airframe by 
Martin and rocket motor by GE) may resemble the VIKING, 
the second stage will be similar to the AEROBEE, and the 
third stage will be a “typical solid propellant rocket.’”’ The 
over-all length of the carrier vehicle may range from 50-75 ft 
with a gross weight of about 10 tons. As many as 12 satel- 
lites may be launched during the 1957-1958 IGY. Present 
phases of the program are being handled from military funds 
until Congress appropriates special VANGUARD funds. 


@ Prof. K. Stanyukovich of the USSR Academy of Sciences 
Commission on Interplanetary Communications has reported 
that Russia will be prepared to launch a larger and more ad- 
vanced satellite than the type proposed by the US shortly 
after the US satellite is launched. The professor also sug- 
gested that directed explosions could be used to advantage 
in establishing satellites. However, unofficial reports indicate 
that Soviet work is along more conventional lines. The 
present Russian program is reported to have reached the de- 
velopment of a final stage, after completion of initial develop- 
ment of the first two stages. Gross weight would range from 
75-100 tons, with a first-stage thrust of about 120 tons. 


Facilities 

|g grr coors AIRCRAFT will begin work shortly on the 
construction of an advanced engineering research center 

at Hawthorne, Calif. (photo). In addition to a service cen- 

ter, there will be an engineering test laboratory, a low-speed 


New Engineering and Science Center 


wind tunnel, and a new cafeteria. The estimated cost is 
about $8 million and target date for completion is late 1956. 
A part of the first phase will be the construction for USAF of 
a new guided missile engine test facility. Some of the proj- 
ects that will be undertaken by Northrop at the new facility 
will be exploration of the “thermal barrier,” new types of 
guided missiles, and problems related to space flight. Guided 
missile airframes and engines will be tested in a low-fre- 
quency noise modular test cell with an all-enclosed sound 
muffler. 


e@ Advanced aircraft engines will be engineered by the Allison 
Division of General Motors at a $75 million research and de- 
velopment facility at Maywood, Ind. 


e@ Additional property for expansion has been provided for in 
a recent purchase by the Ramo-Wooldridge Corp. near the 
Los Angeles International Airport. Construction on the new 
site will begin this year. 
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heating and ventilating, hydraulics, 


—and understands it too. Your associates and super- 
visors here are professional people like you. They 
respect your status, your thinking, your ideas and 
your interest in technical advancement. 

RocKETDYNE will encourage you to choose the 
field that is most satisfying and rewarding. . . truly 
best for you. This is possible because its activity 
includes the full range of rocket engine development 
from preliminary design to field testing and produc- 
tion . . . because its programs include development of 
the largest liquid-propellant rocket engine in the 
Western World . . . because it has contracts with all 
branches of the Armed Services and the guided missile 
industry for broad variety of rocket engine types and 
sizes. 

It may surprise you to know you can qualify for 
a career at RockETDYNE with or without specific 
rocket engine experience! Engineering experience in 
pumps, tur- 


THESE POSITIONS 


DESIGN & DEVELOPMENT ENGINEERS 

Mechanical, Chemical, Electrical, Aeronautical, Stand- 
ards, Structural and Stress. For rocket engine com- 
ponents and systems design or development. Turbine, 
pump, controls and combustion device experience pre- 
ferred. 


TEST ENGINEERS 
Experienced on engine systems, combustion devices, 
turbines, pumps and engine instrumentation. 


EQUIPMENT DESIGN ENGINEERS 
Electrical, mechanical, structural, industrial. For design 
of facilities, specialized test, and handling equipment. 


Write Mr. Grant Baldwin, Rocketdyne Engineering Per- 
sonnel, Dept. 596-JP, 6633 Gam Park, 


Ss 


First and Rockerpyne talks your 


NOW OPEN AT ROCKETDYNE: 


lated fields that could open at Rockerpyne. 
RockeETDYNE’s design and manufacturing 

and its nearby test laboratory house complete, ad- 

vanced facilities . . . the vital tools you need to meet — 

the challenges of rocket engine development. 


RockeTDYNE is North American’s rocket engine 
division. It has just moved into new ultra-modern 
headquarters in Canoga Park, located in the beauti- 
ful West San Fernando Valley of Los Angeles. This ao 
area is famous for its fine residential sections, modern _ By 
shopping-center convenience, varied recreational and = 
entertainment facilities. Any point in the San Fer- 
nando Valley is just minutes drive from the beaches, — 
and the weather is pleasant all year around. Many — 
engineers are interested in advanced courses offered 
by fine schools like UCLA, USC and Cal Tech, wid 
within a short drive from our headquarters. - 


To analyze rocket engine control systems utilizing electronic ; 
analog and digital computers, B.S., M.E., or B.S.E.E. 
necessary. Prefer advanced degree. Experience in servo- 
mechanisms, systems analysis desired. 


THERMODYNAMICIST 

To analyze, design and develop high speed subsonic and 
supersonic turbines. Jet engine or industrial steam turbine 
experience desired. : 


WEIGHT ENGINEERS 

ELECTRONICS TECHNICIANS 
SPECIFICATIONS ENGINEERS 
ENGINEERING DRAWING CHECKERS 


ROCKETDYNE 


A DIVISION OF NORTH AMERICAN AVIATION, 
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ber Motion Picture Unit sets up to shoot Northrop F-89D all-weather jet interceptor for sequences in Northrop Training Department film 


INDUSTRY'S USE OF 16MM CAMERAS BROADENS 


Northrop Aircraft Demonstrates Expanded 
Industrial Use of Mitchell Cameras 


Over 100,000 feet of film were shot last year by two 16mm Mitchel! cameras 


operated by a full-scale motion picture unit at Northrop Aircraft. Operating daily 
throughout the year, these 16mm cameras provide impressive evidence of the rising 
role of professional motion picture equipment in American Industry today. 


Northrop, a leader in airframe and missile manufacture, makes diversified use of 
their Mitchell cameras. Motion pictures range from employee activities to engi- 
neering test films—where re-shooting is impossible and where steady, accurately- 
framed film of superior quality is consistently delivered by Mitchell cameras. 


No other single camera is today used by American Industry for such a broad 
range of filming requirements as is the Mitchell camera. Easy operating Mitchell 
cameras help create sales, meet delivery schedules, and systematize and accelerate 
research and development. For details about Mitchell equipment that will meet 
your specific needs, write today on your letterhead. 


For Quality Control Film, Mitchell camera 104 Rocket Salvo of twin-jet F-89D is cap- 
moves in for close shots of Scorpion F-89D. tured on 16mm Engineering Test film 


Alaska Bound test pilot Bob Love and Columnist Marvin Miles 
* fpeleg filmed by Mitchell camera for Northrop Public Relations 


Department. 


CORPORATION 


666 WEST HARVARD STREET 
GLENDALE 4,CALIFORNIA 


Cable Address: ‘‘MITCAMCO” 


- *85% of profession ion pi | 
pees prof | mot t h in theatres th h i i i | 
‘ | onal motion pictures shown in theatres throughout the world are filmed with a Mitchell 
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ARS News 


Furnas to Speak at Los Angeles Conference 


C. FURNAS, Assistant Secretary of 
Defense for Research and Develop- 
ment and Fellow Member of ARS, will be 
the banquet speaker at the ARS-ASME 
Aviation Division Conference in Los Ange- 
jes, March 15. 
Furnas is former chancellor of the Uni- 
yersity of Buffalo and director of the 


Site of Seventh IAF Congress, September 15-21 


ARS Delegation Planning Trip to 
Include Farnborough Air Show, 
European Tour en Route to Meeting 


A special flight is being organized by 
ARS for members attending the Sev- 
enth Annual Congress of the Interna- 
tional Astronautical Federation, sched- 
uled for September 15-21 in Rome. 

The plane will leave New York for 
England on or about September 1 in 
time for the Farnborough Air Show 
which will be held during the first 
week in September. 


| Saturday, September 15 
10:00 a.m. 


Sunday, September 16 
2:00 p.m. 
7:00 p.m. 
Monday, September 17 
8:00 a.m. 
3:00 p.m. 
8:00 p.m. 
Tuesday, September 18 
10:00 a.m. 
11:00 a.m. 
12:00 p.m. 
3:00 p.m. 
Wednesday, September 19 
9:00 a.m. 
3:00 p.m. 
Thursday, September 


Friday, September 21 


8:00 a.m. 
3:00 p.m. 


The provisional program is as follows: 


Meeting of Council and Committee Chairman 
(Meeting open to Delegates) 


ration 
Informal meeting of Congress participants 


Plenary Session 
Plenary Session 
Film Show 


Official Opening of Congress 

Opening Paper 

Press Conference 

Technical Session 


Technical Session 
Technical Session 
Social Dinner 


Delegates Plenary Session hire 
Delegates Plenary Session 


Cornell Aeronautical Laboratory. 

Speaker at a luncheon to be held on the 
first day of the March 14-16 meeting will 
be Major General Roy H. Lynn, Com- 
mander, Western Air Defense Force, 
Hamilton AFB, Calif. 

At a luncheon on March 15, five chief 
test pilots from California aircraft firms 


An optional tour will be planned, 
covering Paris, Switzerland, and Italy, 
during the period between the Farn- 
borough demonstration and the com- 
mencement of the Congress at the 
magnificent Palazzo dei Congressi, 
Rome, on September 15. The return 
to New York will be on September 


ARS members and guests interested 
in joining the group should contact 
James J. Harford, American Rocket 
Society, 500 Fifth Avenue, New York 
36, New York, for details, as soon as 


possible. 


Technical Session _ 
Technical Session 
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are scheduled to participate in a panel on 
“What I Want Most from the Engineer.”’ 
Twenty sessions will be held during the 
meeting—on Air Cargo, Instrumentation, 
Thermal Thicket, and Earth Satellites. 
ARS has organized three of the sessions, 
the program for which was carried in the 
February issue of Jer PROPULSION. 


Three Hundred Hear ARS 
Papers at IAS Meeting 


MORE than 300 people attended an ARS 

session on Rocket Propulsion at the 
24th Annual Meeting of the Institute of 
the Aeronautical Sciences in New York, 
January 24. Chairman of the session was 
D. F. Ferris, Chief, Preliminary Design, 
Reaction Motors, Inc. A summary of the 
papers follows: 

“Demonstration of Reliability in Liquid 
Propellant Rocket Engines,” Albert G. 
Thatcher, Chief, Projects Operations 
Dept.; H. A. Barton, Asst. Project Engi- 
neer; Reaction Motors. (Preprint 284-56.) 

Conditions which make it difficult to 
achieve high reliability by usual methods 
of flight testing indicate the desirability of 
obtaining preflight reliability data of mis- 
sile components. The solution, in part, 
can be realized by including a statistical 
reliability development and evaluation 
plan in the development program. This 
paper outlines how the effort to achieve 
specified reliability should be felt in the 
design phase, the development testing 
phase, the proof testing phase, and the 
reliability demonstration phase of a de- 
velopment program. 

“Ballistic Missile Performance,”’ J. Wm. 
Reece, R. David Joseph, Dorothy Shaffer; 
Cornell Aero. Lab. (Preprint 283-56.) 

A semianalytic method is derived for 
calculating the range of one-stage ballistic 
rocket-propelled surface-to-surface mis- 
siles. The method consists of obtaining 
analytic solutions to the equations of mo- 
tion, supposing flight in vacuum, and then 
correcting these solutions for the effect of 
drag. Both the velocity at thrust cutoff 
and the range following cutoff are handled 
in this manner. 

“Improved On-Off Missile Stabiliza- 
tion,’’? Robert W. Bass, Research Asst., 
Dept. of Mathematics, Princeton Univ. 
(Preprint 285-56.) 

In a new synthesis procedure for on-off 
control systems presented, delays due to 
time-lag and hysteresis in the relay or con- 
tactor can be completely eliminated. This 


* is readily affected by adding feedback 


from the on-off element itself to the con- 
ventional error and error-derivative feed- 
backs. An explicit algorithm is developed, 
according to which the ideal feedback co- 
efficients of a “perfectly’’ stabilized servo 
system can be read off directly from the 
equations of the ee conven- 
tional system. 


Bender Hits Lack 


WELCOME W. BENDER, vice-presi- 
dent of RIAS, Inc., newly formed re- 
search subsidiary of the Glenn L. Martin 
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Company, Baltimore, told the ARS Prince- 
ton Group on February 2 that the aircraft 
industry is ‘‘starving for ideas.”’ 

He pointed out that only about '/1. of 1 
per cent of the national budget is spent on 
research. ‘Although the aircraft industry 
is supposed to be using about 30 per cent 
of the nation’s scientific brain power,’’ he 
said, “new airplanes and missiles are 
simply extrapolations of Jast year’s de- 
signs.”’ 

Bender, former head of Martin’s elec- 
tronic department, stated that university 
research is inadequate to feed the volume 
of fresh ideas demanded by our economy 
and that industry must help substantially. 

He felt that fundamental research 
should be an ‘“‘economically potent force.” 

RIAS is undertaking investigation of the 
research possibilities in gravity, solid state 
physics, quantum mechanics, meteorol- 
ogy, upper atmosphere, and other areas. 

_ Bender was introduced by Chairman 
J. P. Layton. 


Ramo, ICBM Expert, To 
Speak at Princeton, April 5 


SIMON RAMO, executive vice-president 

of Ramo-Wooldridge Corporation, Los 
Angeles, will deliver an address at Prince- 
ton University on April 5. The talk will 
be sponsored jointly by ARS and the Uni- 
versity’s Department of Aeronautical 
Engineering. Several other technical so- 
cieties have been invited to cosponsor the 
meeting. 

Dr. Ramo, whose organization has prime 
systems responsibility for the development 
of ICBM Atlas, will deal with the nature 
and future of missile development. He 
will speak on a particularly timely topic— 
the changing relations between scientists 
and engineers caused by the onset of the 
weapons system concept. 

The meeting will be held at Princeton’s 
Palmer Physical Laboratory at 8:00 P.M. 


Seven New Corporate 
Members Bring Total to 68 


ECENT applicants for Corporate 
Membership in ARS include two jet 
engine manufacturers, two specialists in 
guidance and control systems, one solid 


Connecticut Valley Section Gets Charter 


Shown at the charter presentation-meeting of the Connecticut Valley Section are (left to 
right): Robert. Mitton, vice-president (flight test engineer, Kaman Aircraft); Chester 
Hayes, treasurer (Kalart, Inc.); Sheldon Dolinger, secretary (analysis engineer, United 


Aircraft Corporation Research Department) ; 


J. B. Cowen, national director; Major 


Charles Arvin; Charles H. King, Jr., president (head, Combustion Section, United Air- 
craft Corporation Research Department); Frank W. Caldwell, director (retired director 
of research, United Aircraft Research Department); and Martin Stevens, director (chief 


of preliminary design, Kaman Aircraft). 


Mr. Cowen, of Aerojet General, presented the Charter to this 23rd Section of ARS 


which covers a circular area of 50 miles with Hartford as the center. 


Major Arvin, of the 


Headquarters First Anti-Aircraft Command, was guest speaker. 


propellant producer, one company which 
makes both liquid and solid propellants, 
and a manufacturer of missile accessory 
equipment. 

The companies, the activities they have 
relating to ARS, ahd the individuals 
chosen to represent them are as follows: 

Allison Div., General Motors Corp., 
Indianapolis 6, Ind. Jet and turboprop 
engines. D. Geran, director of engineer- 
ing; R. 8. Hall, section chief, Preliminary 
Design; C. J. McDowall, chief engineer, 
and J. B. Wheatley, asst. chief engineer, 
Advanced Design & Development; and 
J. E. Knott, asst. sales manager, Aircraft 
Engines. 

Ford Motor Co., Scientific Laboratory, 
P. O. Box 2053, Dearborn, Mich. Propul- 
sion systems, instrumentation, control 
systems, high temperature materials, aero- 
dynamics, structures, combustion fuels 
and propellants, heat transfer, etc.. A. A. 
Kucher, Director; Michael Florence, Jr., 
and Donald N. Frey, associate directors; 
Adolph Egli, Basic Engineering Dept.; 
and Eugene F. Hill, manager, Chemistry 
Dept. 

Hoffman Laboratories, Inc., 3761 Hill St., 


Los Angeles 7, Calif. Infrared, radar, and 
inertial guidance and control systems; 
over-all missile system planning, J. B. 
Moss, president; C. Wasmansdorff, vice- 
president, Engineering; W. R. Bush, asst. 
general sales manager; L. C. Downes, re- 
search Development head; and T. C. 
Clark, staff assistant to the vice-president. 

Olin Mathieson Chemical Corp., 460 Park 
Ave., New York 22, N. Y. Liquid and 
solid propellants; oxidizers and materials 
of fabrication. Harry A. Sosnoski, avia- 
tion adviser to the president; Dr. L. 
Kermit Herndon, director of government 
chemical research; Dr. J. H. McLain, 
director of government liaison; J. J. 
O'Neill, asst. to the vice-president of the 
Explosives Div.; and R. 8. Rippe, sales 
manager. 

Phillips Petroleum Co., Rocket Fuels 
Div., McGregor, Tex. Large-scale de- 
velopment and manufacturing operations 
of solid propellant rockets. E. A. Malick, 
manager, and L. A. Maciula, asst. mana- 
ger, Rocket Fuels Div.; E. F. Fiock, tech- 
nical director; J. A. McBride, asst. tech- 
nical director; and F. M. Files, manager, 
Manufacturing Branch. 


Jolliffe, Rizk Speak at Florida Section Meetings 


R. S. Mitchell, president (division manager, Pan American 
Guided Missile Range) (left), C. B. Jolliffe, (vice-president and 
technical director of RCA) (center), and V. O. Smith, vice- 
president (manager, Northrop Missile Test Facility) (right) are 
shown at a recent meeting of the Florida Section at Patrick AFB. 


Dr. Jolliffe spoke on RCA’s progress in 


electronic research. 


(Boeing). 


Right photo shows Kaleel S. Rizk (center), speaker at @ 
January meeting, with Smith (left) and Paul Campbell, secretary 


Rizk is deputy director of range development at the Air Force 
Missile Test Center, Patrick AFB. He discussed problems in 
trajectory measurement of long-range missiles. 
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Tired of piece part and assembly problems? 


tet General Mills 


SUPPLY THE WHOLE PACKAGE 


MECHA 


Save money, save time, save needless worry over 
hundreds of troublesome detail problems. Have 
those electro-mechanical assemblies you need pre- 
cision manufactured, completely assembled and 


_ performance-tested by the Mechanical Division of 


General Mills. 


We have the precision equipment and experi- 


enced people required to take over the entire job 


for you, from piece part fabrication or purchase to 


a _ Job opportunities available for creative engineers. Work closely with outstanding men on interesting projects. 


NICAL Division oF General Mills 


the finished product. As in our own prime contract 
work, we’re geared to turn out precision assem- 
blies in quantity while maintaining highest mili- 
tary standards of manufacture, design, quality 
control, packaging and accounting. 

LET US BID on your requirements . . . write, 
wire or phone: Dept. JP-1, Mechanical Division 
of General Mills, Inc., 1620 Central Avenue, Min- 
neapolis 13, Minn. STerling 9-8811. 
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jet engine starter performance 
plotted quickly and accurately 
-_. by Baldwin SR-4® system 


Under simulated operating conditions, 
turbine type fuel-air combustion 
starters for jet aircraft engines are per- 
formance-tested by a Baldwin instru- 
mentation system that is instantane- 
ously responsive and accurate to .1 %. 

Starter operating characteristics are 
measured by three Baldwin SR-4 strain 
gage type pressure cells (at top of 
photo at right) and an SR-4 torque 
pickup (below) which follow varia- 
tions in combustion pressure, fuel pres- 
sure, air pressure and torque. Electrical 
signals are transmitted from the cells 
and plotted on Baldwin recorders 
mounted in control consoles (photo 
above). Also plotted are primary igni- 
tion voltage and shaft speed. With this 
instrumentation system one test en- 

gineer can conduct 344 second test 
runs on a continuous basis. 

If you need to measure torque, pres- 
sure, load, tension or thrust, Baldwin 
can custom-design and build a system 
to do the job. “Packaged” systems and 
component transducers are also avail- 
able. For illustrated bulletins, write us 

at 806 Massachusetts Avenue, Cam- 
bridge, Massachusetts. 


ELECTRONICS & INSTRUMENTATION DIVISION 


BALDWIN-LIMA-HAMILTON 


DIVISIONS: Austin-Western * Eddystone * Hamilton® Limae _ 
Loewy-Hydropress * Madsen * Pelton * Standard Steel Works FES 


H. A. Wagner Co., 14707 Keswick St, 
Van Nuys, Calif. Development of mis. 
sile systems, such as guidance, tracking, 
and training systems. H. A. Wagner 


_ president and chief engineer; N. Mastro. 


cola, project engineer; and R. N. Lahde, 
chief system test engineer. 

_ Leach Corporation, 5915 Avalon Boule. 
vard, Los Angeles 3, Calif. Manufacturers 
of relays, power supplies, and other acces. 
sory equipment for guided missiles. The 
individuals chosen to represent Leach are: 
K. F. Julin, executive vice-president and 
general manager; J. L. Elliott, assistant to 
general manager; E. K. Neale, vice-presi- 
dent, engineering; R. B. Hutton, vice 
president, sales; and 8S. L. Bradley, chief 
development engineer, Inet-Palmer Divi- 
sion. 


Seetion Doings 


Alabama. British Army Warrant Officer 
H. W. Eastland, stationed at the Woomera 
Guided Missile Range in South Australia, 
addressed the January meeting at Hunts. 
ville. Photographs of several British mis- 
siles were shown. Members were particu- 
larly interested in comparing notes on liy- 
ing conditions in U. S. desert country and 
those on the other side of the world. 

Arizona. At the February meeting, a 
lecture was given on the basic theory of 
rocket flight by Ed Meyer, followed by a 
film entitled ‘“‘On to Jupiter.’’ Charles J. 
Green of Hughes Aircraft, Tucson, is 
president of the Section which now has 36 
members, 

Chicago. Officers elected for 1956 are: 
president, Gerald M. Platz; vice-presi- 
dent, John Kre, Jr.; secretary, Andrew A. 
Affrunti; and treasurer, Dusan J. Lju- 
benko. Board of Directors: Vincent J. 
Cushing, Layton C. Kinney, and Stephen 
J. Fraenkel. 

Cleveland-Akron. At the February 
meeting in Cleveland, S. Fred Singer de- 
scribed designs and applications of arti- 
ficial earth satellites, including Project 
VANGUARD. 

Radio Station WSRS in Cleveland 
Heights has joined Station WHBC in 
Canton and WJW in Cleveland in carrying 
15-minute recorded interviews prepared at 
each meeting. An interview with Navy 
Commander J. Fisher at Thompson 
Products was broadcast by Station 
WJW. Commander Fisher gave a general 
talk on rocket firings from the Norton 
Sound. 

Columbus. Fifty-five persons attended 
the January meeting of this proposed Sec- 
tion. Alexis Lemon, Assistant Head of 
the Chemical Engineering Department at 
Battelle, spoke on rocket engine per- 
formance and results using various pro- 
pellant combinations. There are ten active 
members in the area and 13 new member- 
ship applications. 

Fort Wayne. Officers elected for 1956 
are: Lloyd R. Wadekamper, president; 
Jerry Fogel, vice-president; Paul Kruse, 
secretary; and Marion B. Stults, treas- 
urer. Directors: Michael Katanik, Rex 
Pierson, Richard Hart, Robert Marie, 
Norman Baker, Robert Censak, and 
George Kraick. 

Indiana. With the February issue, the 
Indiana Section initiated a regular ARS 


JET PROPULSION 


{ 
: 
4 
4 
4 
~ 


J fficer 
omera 
tralia, 
funts- 
mis- 
rticu- 
liv. 
and 
ng, 
ry of 
bya 
les J. 
n, is 
as 36 


) are: 
oresi- 
w A. 
Lju- 
ot J. 


phen 


uary 
r de- 
arti- 
rject 


land 
in 
ying 
d at 
avy 
tion 
eral 
rton 


News Letter, edited by A. R. Graham and 
a staff of five. It contains announce- 
ments and accounts of activities, an ar- 
ticle on research at Purdue University Jet 
Propulsion Center, and an item describing 
the work being done by the propulsion sec- 
tion of Convair’s Fort Worth Division. 

New York. Election of officers took 
place at the January meeting. Charles J. 
Marsel was elected president; Paul M. 
Terlizzi, vice-president; Rudolph L. 
Graupe, secretary, and Charles G. Sage was 
re-elected treasurer. Plans were made for 
monthly meetings, and a field trip in May. 

Pacific Northwest. More than 600 
people attended a December 9 meeting at 
which the guest Speaker was Joseph Kap- 
jan, Chairman of the U. 8. National Com- 
mittee for the IGY. His subject was 
rocket and satellite studies. Dr. Kaplan 
was introduced by Robert H. Jewett, 
chief engineer of Boeing’s pilotless aircraft 
division, recently awarded a Fellow Mem- 
bership in ARS. 

Southern California. Three separate 
field trips to various NIKE firing sites 
were: features in the January program. 
Sites included El Monte, Van Nuys, and 
San Pedro. Each trip was limited to 50 
members. 

Southern Ohio. New officers (all of 
General Electric) are: W. C. Cooley (Air- 
eraft Nuclear Propulsion Department), 
president; T. P. Meloy, (Jet Engine De- 
partment), vice-president; Milt. Dowell 
(Aircraft Gas Turbine Department), secre- 


tary; and Connie Pope, treasurer. Direc- 
tors for 1956-1957 are: J. T. Marshall 
(Bendix, Hamilton Division), G. Mc- 


Tigue (General Electric) and W. J. Mizen 
(Bendix, Hamilton Division). Directors 
retained from 1955 to serve this year are: 
Allen Beverage (General Electric), H. R. J. 
Grosch (General Electric), and G. Richard 
Lott (Reaction Motors, Inc.). 

Univ. of Michigan. Officers of the re- 
cently organized Student Group are: 
president, Richard Signor; vice-president, 
J§B. Bullock; treasurer, Clifford Robinett; 
recording secretary, Bradford Barr; cor- 
responding secretary, Herbert Arkin, Jr. 


Monopropellant Committee’s 
First Report Available 


First report from the ARS Committee 
on Monopropellant Test Methods is now 
ready. Recommended Test No. 1—Card 
Gap Test for Shock Sensitivity of Liquid 
Monoproplellants is a 21-page document 
(with stiff cover) including tables, di- 
agrams, and photographs. The test 
described measures the minimum hydro- 
dynamic shock required to produce a 
stable propagation of a high order 
detonation in a 1-in. steel pipe. Principal 
advantages are the practical scale of the 
test, the freedom of results from ambigu- 
ous interpretation, and the moderate 
material cost. 

The report is based on experimental 
work by G. D. Edwards and T. K. Rice 
at the U. 8S. Naval Ordnance Laboratory, 
White Oak, Maryland. It was written by 
Edwards and was presented to the Com- 
mittee by E. C. Noonan, chief, Fuels and 
Propellants Division, Explosives Re- 
search, at NOL. It may be obtained 
from the AMERICAN Rocket Society, 500 
Fifth Avenue, New York 36, N. Y., at a 
cost of $1 per copy. 
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VETERAN PERFORMERS . 
where perpormance ts paramounl . 


== A. W. 


6400, 11400, 24300 Series . . . AC, 
DC, 400 cycle. 

Clutch-driven lever action. Time de- 
lay settings from 2 seconds to 3 hours. 
Where necessary, switching provided 
from 15-100% of overall interval. 
Normal time settings within + 10% 
of rating at rated voltage. 

Short interval timings designed for 
5600 or 5800 governed DC motors. 
Accuracy: adjusted for 60 or 400 
cycle synchronous motors, 5300 DC’s, 
and chronometrically governed DC 
motors. 

Repeating Accuracy specified + 3% 
of overall interval. 

Flexible design to- meet all require- 
ments, including multiple switches. 
Filtering provided for DC motors to 
meet MIL-I-6181 specifications. 
Choice of Flange or Stud mounting. 
Aluminum hermetic enclosures evacu- 
ated, flushed, and filled with dry 


HAYDON C0 


TIME DELAY RELAYS 


© 6400, 11400, 24300 SERIES DIRECT CURRENT, AL- 
CYCLE. TIME DELAY 


TO MEET MIL-I-6181B OPTIONAL ON DC UNITS 
@ WIRING DIAGRAM ON CASE 


Nitrogen. Glass seal headers or AN [“cenctn senies | 6400 semes | 24300 senies | 11400 series 
connectors. All military eavirea- 0.¢ 0.¢.] 400 CYCLE A.C.|50,60 CYCLE A.C. 
mental specifications met. switcnes | 3 9/16 @ 1/38 3 o/s 
Standard unit withstands vibration of 
5-55 CPS at 10g maximum accelera- 
tion. 

ALLOW 3/8 DIA. HOLE IN 

PANEL FOR TUBULATION 


CURRENT CYCLE @ WID 

AVAILABLE @ 

MEET MILITARY 

ENVIRONMENTAL SPECIFICA TIONS, ° FILTER- 

NG TO MEET MIL-I-61818 OPTIONAL ON DC 
UNits WIRING DIAGRAM CASE 


13600, 24400 DIRECT 


LR.E. SHOW - BOOTHS 570 & 572 Bia 
TIMING A PROBLEM CONSULT.... 


LENGTH [3600 SERIES [3600 SERIES|24400 SERIES|I3600 SERIES 
STANDARD O.C.|GOVERNED DC| 400 CYCLE A.C./ 50,60 CYCLE AC! 

switcn| 227/32 | 3 | 3 2 

2 SwiTcH 3/6 3 3 5/6 

SSwiTcH a Ve 3 3 54 

(General A 

Catalog 

Sent on 

Request) 


ag 


“A.W-HAYDON 


ne sas NORTH ELM STREET, WATERBURY 20, CONNECTICUT 
Design and Manufacture of Electro-Mechanical Timing Devices 


3600, 13600, 24400 Series .. . AC, DC, 400 
cycle. 
Motor-driving cam shaft principle actuates 
switches in accurately repeating sequence. 
Motor output speeds: 10 RPM—1 revol. 
per 2 hrs. in 5300 and 5600 series. 
1 revol. per 40 minutes for 5800 series. 
1 revol. per day for 60 cycle type. 
Cutting and setting of cams tailored to your 
specifications. 
Accommodates up to 10 switches. 
DC Motors protected against reversed polar- 
ity. Filtering provided to meet MIL-I-6181 
specification. 
Choice of Flange or Stud mounting. Alumi- 
num hermetic enclosures evacuated, flushed, 
and filled with dry Nitrogen. Glass seal 
headers or AN connectors for external con- 
nections. Meet military environmental spe- 
cifications, 
Standard unit withstands vibration of 5-55 
CPS at 10g maximum acceleration. 
phot 
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merican Rocket Society — 


TREASURER’S REPORT—YEAR 1955 


INCOME AND OUTGO 


Receipts amounting to $139,073.76 were recorded for the 
year 1955, representing a 72.2% increase over 1954 and a 


204.4% increase over 1953. Journal income (advertising, 


a subscriptions, and reprints) amounted to $74,121.66, account- 
ing for 53.3% of total receipts for the year. Membership 
dues increased to $55,428.82, representing 39.8% of total 
receipts. 
Total disbursements for the year amounted to $137,203.08. . 
_ Journal printing and engraving, editorial costs, and advertis- 
ing commissions totaled $65,927.98; office salaries, rent, tele- 
phone, and other office expenses totaled $39,434.80; and all 
other expenses, $31,840.30 including $26,119.69 for Section 
refunds, conventions, postage, stationery, and the roster. 


_ SECTION REFUNDS AND BUDGETS 


Refund payments were made during the year based on 
paid-up members through 30 September 1955. The final 
computation through 31 December 1955 was made in Febru- 
ary 1956. Advance payments were made to Sections during 
the year as requested. Your Board of Directors, at the annual 
meeting in Chicago, authorized a minimum 1956 refund pay- 
ment of $100 for all Sections and established policies for re- 
viewing Section performance and budget requests, which will 
be included in a Section Manual soon to be published. 


_ FINANCIAL CONDITION 

_ The Society’s financial statements as of 31 December 1955 
reflect the strongest financial condition ever attained by the 
Society during its long 25-year history. Condensed compara- 
tive balance sheet results are shown below: 


Year ended December 31st 
1953 1954 1955 

Cash $ 1,839 $2,840 $ 4,711 
Accounts receivable (less reserve) 8,610 9,903 13,190 
Inventories (estimated) 3,974 2,431 1,300 
Furniture & equipment (at cost) 1,092 4,399 5,579 
Special funds Pema 470 966 1,723 
Total assets anikag $15,985 $20,539 $26,503 
Accounts payable =” $10,789 $10,406 $ 3,902 
Balance—net worth 5,196 10,133 22,601 
Total liabilities and net worth $15,985 $20,539 $26,503 
Cash and receivables less liabilities $ (340) $ 2,337 $13,999 


Increase receipts for the year not only covered the heavy 
expenditures authorized and incurred under the “Journal” 
expansion program initiated during the year but were suffi- 
cient to substantially reduce Accounts Payable which, at the 
year end, amounted to $3902, including an estimated $1800 
owing Sections for Refunds and $300 for I.A.F. 1955 dues. 

Inventories represented by books, preprints, binders, and 
pins, etc., were maintained at a modest level in line with the 
demand for such items, total sales of which amounted to 
$5517 for the year. 

Special Funds represented by cash and Government bonds 
include the A. G. Haley Endowment Fund (Astronautics 
Award) and Other Awards Fund amounting to $714 and 
$1009, respectively. 


ANNUAL AUDIT AND SYSTEMS STUDY 


An audit of the Society’s recorded cash transactions was 
conducted for the years 1953 and 1954 by the public account- 
ing firm of Ernst and Ernst. In addition, the Management 


ADV, SUBSCRIPTIONS, 17.9 345 74.| 
PREPRINTS 


GM MEMBERSHIP DUES 21.7 369 554 
45.7 808 133.1 


OFFICE EXPENSES i166 331 304 
TOTAL 46.1 79.9 1372 


THOUSANDS OF DOLLARS 


Service Division of Ernst and Ernst performed a systems 
study for the National Office during the year. Significant 
changes in accounting procedure, roster control, and office 
routines have been made for 1956. 

Detailed financial statements for the years 1952 through 
1955 are available to all members. Requests should be for- 
warded to our Treasurer, Mr. Robert M. cl Reaction 
Motors, Inc., Denville, N. J. Ey 


FINANCIAL OUTLOOK FOR 


The preliminary “Income Forecast and Expense Budget 
for 1956” approved by the Board of Directors in November 
at the Annual Convention in Chicago indicates that total 
receipts should increase at least 25% over 1955. Expendi- 
tures will be closely controlled and maintained within the 
projected 1956 income level. 
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THOUSANDS OF DOLLARS 


The development of guided missiles of every type is 
becoming one of the most competitive areas in our 
world today . . . for supremacy in this field can well 
determine peace for many years. The race is eines 


greater speed, higher altitude, longer range, =e < 


The strength of Western defense lies to a great extent 
in the development for the Armed Forces of these new 
weapons systems suited to the supersonic age. The 

once deadly cannon, machine gun and rocket are being 
superseded by complex weapons of great ingenuity. : 


Canadair has long had a prominent role in Canada’s 

guided missile program, applying the knowledge 

acquired in years of experience in advanced aircraft 

systems engineering ... and Canadair’s research, 

engineering and manufacturing resources are constantly aon 
making further important contributions to : 
projects in this field. oes 


CANADAIR 


LIMITED, MONTREAL, CANADA 


A subsidiary of GENERAL DYNAMICS CORPORATION, ors Rises 


New York, N.Y.— Washington, D.C. 


CANADAIR HAS PRODUCED MORE JET AIRCRAFT THAN 
Marcu 1956 
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FUTURES AT 5772 


Futures in rocket propulsion at Bell Aircraft are as hot 
as the temperature in the rocket combustion chambers. Bell's 
rapidly expanding rocket engine division provides a wide 
latitude for individual growth in rocket engineering. 

Eleven years of designing. and building liquid-fuel rocket 
power-plants has given Bell a.broad background of experience 
in both research and production. Working with complete 
systems ... thrust chambers, turbine pumps, control systems, 
pressurization systems, and tanks... Bell has designed and 
developed a number of successful rocket engines for differ- 
ent Army, Navy, and Air Force projects, including the Nike 
and Rascal guided missiles. 


_ In research, Bell has experimented with over 20 different 


rocket propellants . . . ceramic lined thrust chambers . . . 
improvements of existing materials for higher performance 
... and an exhaustive study of combustion processes. Avail- 
able are complete research and production test facilities, 
including 44 test cells capable of conducting 400 test runs 
a month. 

This is the opportunity for you to become associated with 
some of the finest minds in rocket engineering. Advanced 
projects assure you of professional recognition and high 
financial rewards depending on your individual ability. 


For the imaginative engineer with a B. S. or advanced 
degree and a sincere interest in his professional future, 


contact... Manager, Engineering Personnel 
DEPT. 17 (N) P.O. BOX 1 
BUFFALO 5, N. Y. 


RESEARCH ENGINEERING—HEAT TRANSFER AND FLUID MECHANICS 
To perform tests and analytical studies on conduction, connection, radiation, film and transpiration 


cooling, dynamics of liquid jets, acoustic vibrations. 


GROUP ENGINEER—HEAT TRANSFER AND FLUID MECHANICS 


To plan, supervise and perform analytical and experimental studies on heat transfer phenomena 
associated with rocket engines; film and transpiration cooling; liquid injection studies, acoustic 


phenomena. 
AERONAUTICAL AND MECHANICAL ENGINEERS 


For design and development of complete rocket engines and components; analyze test results to 


evaluate engine performance; design and administer test set-ups. 
ROCKET TEST ENGINEERS 


CORPORATION 


For component, thrust-chamber, research and complete rocket engine test. 
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New Equipment and Processes 


Equipment 


Blectrical, Electronic 


Corrosion Resistant Thermocouple. 
Piexible neoprene conduit with metal 
fittings. Conax Corp., 7811 Sheridan 
Drive, Buffalo 21, N. Y. 


High Temperature Transducer. Made 
af barium titanate and permits operation 
w to 125 C, increases range of high fre- 

ey ultrasonic equipment. McCenna 
atories, 2503 Main St., Santa 
a, Calif. 


rmocouple for Double Wall Cham- 

Data sheet SM-6 covers stainless 
packing glands. Conax Corp., 7811 
an Drive, Buffalo 21, N. Y. 


p- Transducer converts mechan- 
motion into electrical impulses. 
3010-A indicates rpm, angular, and 
motion. Electro Products Labora- 
, 4505 N. Ravenswood Ave., Chicago 

4, Ill. 


Fuel Level Switch. For balancing, 
tank switching, or fuel management. 
(photo) Thermistor element. Operates at 
-65 F to +200 F. Power is 0.13 amp 
aid 28 VDC. Weight is 0.4 lb. Avien, 
Northern Blvd., Woodside 77, 
N.Y. 


Pressure Compensator. For bleed sys- 
tems in turboprops or turbojets. Sizes up 
to 8 in. ID. Arrowhead Rubber Co., 
Metal Products Div., 2310 Curry St., Long 
Beach, Calif. 


Pressure Indicator. For aircraft and 
rocket engines. Crystal quartz trans- 
ducer ranges up to 20,000 psi. Kistler 
Instrument Co., 15 Webster St., Tona- 
wanda, N. Y. 


Inertial Mass Flowmeter. Constant 
speed drive. Readout system features 
self-balancing bridge with analog or digital 
output. Inertial Instruments Inc., 2029 
Broadway, Santa Monica, Calif. 


Strain Gage Kits. Do-it-yourself kit 
for making high-temperature strain gages. 
Cements offer limits of 700, 900, 1100, and 
1800 F. 10 gages included. Baldwin- 
Lima-Hamilton Corp., Philadelphia 42, 
Pa. (photo). 


High Speed Impulse Recorder. Inter- 
val and impulse durations of rapid fire 
armaments can be recorded on dry paper. 
Measures impulse down to 1 millisec and 1 
millisee between pulses. PSC Applied 
Research Ltd., 1500 O’Connor Drive, 
Toronto, Canada. 


DKO Keyer-Subcarrier Oscillator. For 
pulse width multi-channel coding in 
FM/FM telemetering systems. Weight 
is 8 oz. DKA-1 Keyer-Record 
Amplifier for multi-coding and direct 
recording onto magnetic tape. Minia- 
turized Rotary Sampling Switch for air- 
borne and_ general instrumentation. 
Model DPA-1 RF Power Amplifier for use 
in 215-235 me telemetering band. 
Applied Science Corp. of Princeton, Box 
44, Princeton, N. J. 


Mechanical 


Laboratory Roll Mills. 6 in. X 12 
n., and 6 in. times 13’in. experimental 
mills for rubber, plastics. Stewart Bolling 
Og 3190 E. 65th St., Cleveland 27, 

io. 


Liquid Oxygen Storage. Model LOX 
150 is skid mounted, weighs 890 lb, stores 
150 gal liquid oxygen in insulated vacuum 
tank. Model LOX 500-1. also on skids 
weighs 2480 lb, stores 500 gal. Model 
LOX 50-2 (USAF-type) is trailer mounted, 
weighs 1000 lb. and stores 50 gal (photo); 
Model LOX 50-3 also stores 50 gal but is 
Navy-type weighing 1106 lb. 


Metering Valves. Models offer pres- 
sures to 6000 psi, operation at —100 to 
+500 F, fingertip control. Made in 
aluminum, brass, and _ stainless steel. 
Robbins Aviation, 1735 W. Florence, Los 
Angeles 47, Calif. 


Test 


Data Converter. Model E Datrac can 
be used for digital to voltage or vice versa 
with accuracy of +1% or +1 digit. 
Epsco, Inc.,. 588 Commonwealth Ave., 
Boston 15, Mass. 


Jet Engine Control Tester. Two 
chillers for air inlet and refrigeration 
systems. American Research Corp., 11 
Brook St., Bristol, Conn. 


Hole Micrometer. Measures by 0.0001 
in. for bores */,, in. to 1.6 in. and in depths 
up to 6 ft with extension. Automatic 
alignment. English or Metric. Alina 
Corp., 401 Broadway, New York 13, N. Y. 


Missle Altitude Test Box. Simulates 
up to 350,000 ft. Model 5500 Iono- 
Chamber. 30 in. deep by 18 in. ID. 
Hudson Bay Div., Labline Inc., 3070 W. 
Grand, Chicago 22, IIl. 


Test Chamber. For altitude (sea level 
to 100,000 ft), temperature (— 100 to +500 
F) and humidity (20-95% RH). 5 cu ft, 
to 64 cu ft sizes. American Research 
Corp., 11 Brook Street, Bristol, Conn. 
(photo). 


Vibration Machine. Frequency range 
of 5-2000 cps. True linear displacement 
of 1 in. 8-in. test table. MB Manu- 
facturing Co., Engineering Dept., 1060 
State St., New Haven, Conn. 


Test Centrifuge. Lab model provides 
variable control from 4-400 G. Electric 
tachometer reads speed +0.1%. Cole- 
man Engineering Co., 6040 W. Jefferson 
Blvd., Los Angeles 16, Calif. 


High-Speed Rotating-Drum Camera. 
Film speeds of 4-400 fps. Model 224 
uses 35-mm film. Beckley & Whitley, 
Inc., 1093 San Carlos Ave., San Carlos, 
Calif. (photo). 


Product Literature 


Available free, unless otherwise stated, 
to those who request them on company letter- 
head 


Handbook of Oven Facts. 19-page 
Bulletin no. 555 gives basic parameters 
in selecting industrial ovens. Michigan 
Oven Co., 415 Brainard, Detroit 1, Mich. 


Industrial & Equipment Developments. 
January 1956 book covers control and 
testing equipment. Cole-Parmer Instru- 
ment & Equipment Co., 224 W. Illinois, 
Chicago 10, Ill. 

Plexiglas. 75-page handbook for air- 
craft engineers details properties, installa- 
tions. Rohm & Haas Co., Washington 
Square, Philadelphia 5, Pa. 

Super Alloys. Properties of high-tem- 
perature alloys. Universal-Cyclops Steel 
Corp., Bridgeville, Pa. 

Product List. 33-page book for 1955- 
1956 gives line of products and properties. 
Dow Chemical Co., Midland, Mich. 
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Even for the special 
2 “out of this world” 
wiring problem... _ 
a down-to-earth 
solution = 
Continental Wire 


Whether it’s a rocket to the moon or a radio for a 
room—chances are you'll find Continental ready 
to serve your wiring needs exactly—with both 
speed and efficiency. 


_ With many quality insulations of Asbestos... 
Glass... Nylon... Varnished Cambric . . . 
Polyethylene . . . Polyviny! . . . Teflon . . . Zytel, 
cae among others, Continental also offers a wide 
range of wire sizes—in stock and on special 


HOOK-UP WIRE. This nylon-insulated, hook-up 
wire saves TIME...LABOR...and GUESS- 


peratures ranging from —50° C to +125° C 
—assures dependability plus versatility. Avail- 
able in AWG SIZES 18 to 32. 


One source for your many wiring requirements 
—Continental. Write today for Continental's 
complete catalog of heat-resistant, moisture- 
"resistant wires, cables and cords. Serving 600- 
5000 volts. Sizes, 18 AWG—2,000,000 CM. 


Contact: Continental Sales, Box 363, 
Wallingford, Conn., Phone COlony 9-7718 


CORPORATION 


_ WALLINGFORD, CONNECTICUT © YORK, PENNSYLVANIA 


‘Processes 


Highly polished surfaces as used oy 
high-speed jet aircraft and missiles can be 
protected during manufacturing operg. 
tions such as drawing, blanking, drilling 
rae form rolling, riveting, etc. (photo 
MetalGuard is a new strippable plastic 
coating developed by Guard Coatings 
Corp., 8-05 48rd Ave., Long Island City, 
N oY The plastic can be brushed, dipped, 
or sprayed on. Tensile strength is 2500 psi 
and elongation is up to 200%. The process 
allows pre-polishing of surfaces such as 
vitreous enamel, chrome, nickel, decora- 
tive laminates, and plated surfaces. 


Chemical milling developed by North 
American Aviation Corp. has been carried 
to the production stage by the United 
States Chemical Milling Corp., 9999 W. 
Jefferson Blvd., Culver City, Calif. Com- 
plex patterns, small runs in the supersonic 
aircraft and guided missile field brought to 
light this new way of removing metal. Es- 
sentially, chemical milling is a controlled 
erosion. The metal is first masked, the 
desired design is scribed on the part, and 
then the mask on the area to be milled is 
removed. Etching solutions remove metal 
at a rate of about 0.001 in. per min witha 
tolerance of +0.002. Fatigue tests show 
chemically milled aluminum sheets com- 
parable to the original and machine milled 
specimens. This technique has also been 
applied to reducing weight on unmasked 
parts such as forgings, extrusions, and 
thick parts. Limiting factor for chemical 
milling now seems dependent only on the 
size of the tank used (photo). 


A new machine by Stanat Manufactur- 
ing Co., 47-28 37th St., Long Island City 1, 
N. Y., now permits precision slitting of 
nickel and cobalt base alloys used in gas 
turbine engines. Both coil and sheets may 
be slit in widths of 8 in. and thicknesses of 
0.01 to 0.003 in. Tolerances are +0.001 in. 
(photo). 


~ 
4 
4 
¢ 
= 
; 
ng 
WORK in assembly. Resistance to abrasion, 
acids, alkalis and petroleum solvents—and tem- 
i "sj i i i 
ata. Continental's industrial wire and cable special- | 
ists are available to serve you at any time. 
: 
ontinental 
V4 \ | | 
A 
/ 
- 


> 


ACTUATOR 


By NEWEBOOK, | | 


SILVER CREEK , NEW YORK, 


sked 4 effective combination of design, know 
and how and precise workmanship have made 

» the 4 available this linear actuator. This rugged, 
: compact, dependable unit has proven able 
to perform under the most adverse. conditions 
and temperature changes. 

In this particular design, overloads on the 
drive tube, in both directions of the stroke, 
actuate a short stub shaft, compressing the 
spring‘and operating a limit switch which is 
connected to the power source. 

New heights of performance demand new 
standards of precision and dependability. 
Bring your next actuator design problem to 
us, 


Call or phone: 


NEWBROOK MACHINE CORP. 


SILVER CREEK, NEW YORK 
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Some of the Faculty Members 
who will Distribute 
Careers Supplement: 


The advance requests have been received from 148 
professors and instructors who are members of ARS and/or 
active in some phase of research related to the rocket and 
missile field. They have volunteered to put the copies into 
the hands of those students who are considered to be poten- 
tially qualified for, and interested in, the field. Here is an 


accounting of the proposed the Supplement: 


Students (through professors) 
ARS members 
Library subscribers to Jet Propulsion 
Other subscribers 

Additional requests anticipated 


TOTAL DISTRIBUTION 


Invitations to submit copy on careers available with 
their organizations have been sent to every company as 
well as university and government activity known to be 
working in some phase of the rocket and missile field. 
Instructions on copy preparation were included with these 
invitations. 

Copy will be accepted until April 2. Space reserva- 
tions, at regular advertising rates for JET PROPULSION, can 
be made through regional advertising representatives listed 
on page 137, or directly to Careers Supplement, JET 


PROPULSION, 500 Fifth Avenue, New York 36, N. Y. erent ie 


Ralph Hautau 


University of Alabama 


William B. Stiles 
Engineering Mechanics Department 


Alfred University 
W. G. Lawrence, Chairman 


College of Ceramics 


University of Arizona 


J. B. Cunningham, Hea 
Dept. of Mining and Valetidlargisnl Engng. 


University of Arkansas 
M. E. Barker 

Chemical Engineering Department 
R. C. Wray 

Engineering Mechanics Department 


Polytechnic Institute of Brooklyn 
Vito D. Agosta 

Mechanical Engineering Department 
N. J. Hoff 

Aero. Engng. & App echanics Dept 
W. L. McCabe 

Mech. & Metallurgical Engineering Dept. 
T. P. Torda 
William R. MacLean 

Electrical Engineering Department 


Bucknell University 
George A. Irland 

Electrical Engineering Department 
Hugh D. Sims 

Chemical Engineering Department 


California Institute of Technology 
Fritz F. Zwicky j 
Astrophysics Department 


University of California 
Antoni K. Oppenheim 
Mechanical Engineering Department 


Carnegie Institute of Technology j 
David H. Archer MA 
David Moskovitz 


D. W. VerPlanck 

Mechanical Engineering Department 
E. M. Williams 

Electrical Engineering Department 


Case Institute of Technology 
Henry Burlage, Jr. 

Aeronautical Engineering Department 
J. R. Hooper, Jr 

Electrical Engineering Department 


Catholic University of America 


M. E. Weschler 
Mechanical Engineering Department 


University of Cincinnati 


Odin R. 8. Elnan 
Aeronautical Engineering Department 


Colorado Agricultural & Mechanical College 


John E. Dean, Head 
Electrical Engineering Department 


University of Colorado 
C. L. Eckel 
K. D. Wood 
Aeronautical Engineering Department 


Columbia University 
Hans Bleich 
John R. Ragazzini 
Electrical Engineering Department 


Cornell University 
Charles R. Burrows, Director 
Electrical Engineering Dept. 
D. F. Gunder, Director 
Engineering Mechanics & Materials Dept. 
H. J. Loberg, Director 
Mechanical Engineering Department 
W. R. Sears, Director 
Aeronautical Engineering Department 


University of Delaware 
James I. Clower 

Mechanical Engineering Department 
Robert L. Pigford 

Chemical Engineering Department 
Kurt Wohl 

Chemical Engineering Department 
Milton L. Young 

Electrical Engineering Department 
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University of Michigan 
Richard G. Folsom, Director = 
Engineering Research Institute 
Harry H. Goode 
Electrical Engineering Department 
Richard B. Morrison, Supervisor 
Aircraft Propulsion Laboratory 
Harold A. Ohlgren 
Chemical Engineering 
Alexander Weir, Jr. 
Dept. of C hemical and 
Harvard University Metallurgical Engng. 
foward W. Emmons University of Minnesota 
Dept. Mechanical Engineering ae John D. Akerman, Head 


flinois Institute of Tochaology Aeronautical Engineering Department 


Qniversity of Detroit 
Donald J. Kenney 
Chemistry Department 
[eon 8S. Kowalczyk 
nical Engineering Department _ 
K. E. Smith 
Aeronautical Engineering 


Georgia Institute of Technology 


Thomas W. Jackson, Chief 
Engineering Experimental Station 


Chang Chien 
Frank D. Carvin uid Mechanics Department 
Mechanics Department pied F. Irvine, Jr. 


. Copelan Richard C. Jordan 
an tke tment Mechanical Engineering Department 
Missouri School of Mines and Metallurgy 


Blectrical Engineering Department 
Ralph E. Peck A. W. Schlechten 

Chemistry Department ach 4 Metallurgical Engineering Department 
University of Illinois University of Missouri 
Andrew I. Andrews — > Donald L. Waidelich, Associate Director 
pole Engineering Department Engineering Experimental Station 

J. Dolan 

Theoretical and Applied Mechanics Dept. New Mexico College of A. and M. A. 

Russell K. Sherburne 


H. F. Johnstone 
University of New Mexico 


Chemical Engineering Department 


N. A. Parker 
Mechanical Engineering Department Robert J. Ferm 
H.S. Stillwell Chemical Engineering Department 


C. T. Grace 
Mechanical Engineering Department 


New York University 
Charles J. Marsel 

Chemical Engineering Department 
James Mulligan, Chairman 

Electrical Engineering Department 
Frederick Teichmann 

Aeronautical Engineering Department 
Paul F. Winternitz 

Chemical Engineering Department 


Aeronautical Engineering Department 
lowa State College of A. and M. Arts 
J. F. Downie Smith, Dean 

Division of Engineering 
State University of Iowa 
C. J. Major 

Chemical Engineering Department 
The Johns Hopkins University a 
Ralph E. Gibson, Director 

Applied Physics Laboratory 


Kansas State College 


Robert H. Rose, 2nd 


Linn Helander 
Mechanical Engineering Department _ Northwestern University 
W. H. Honstead ea Ali Bulent Cambel 
Chemical Engineering Department __ Mechanical Engineering Department 


R. M. Kerchner 


Electrical Engineering Department University of Notre Dame 


Marcel K. Newman 

Mechanical Engineering Department 
Frank F. N. M. Brown 

Aeronautical Engineering Department 
Ohio State University 
Rudolph Edsey 
University of Oklahoma 
W. L. Cory 

College of Engineering 
Parks College of Aeronautical Technology 
Rev. John C. Choppesky, S. J. 
Pennsylvania State University 
Harold M. Hipsch, Head 

Department of Aeronautical Engineering 
University of Pennsylvania 
J{G. Brainerd, Director 

Moore School of Electrical Engineering 
L. N. Gulick, Director 

School of Mechanical Engng. 
M. C. Holstad; Director 

School of Chemical Engineering 


University of Kansas 


T. DeWitt Carr, Dean 
Schoo] of Engineering and Architecture 


University of Kentucky 
Penrod 
echanical Engineering Department 
H. Alex Romanowitz 
Electrical Engineering Department 


Lehigh University 
Frank Kreith 
Mechanical Engineering 


Massachusetts Institute of Technology _ 
J. P. Den Hartog, Head 

Department of Mechanical Engineering 
Charles S. Draper 

Aeronautical Engineering Department 
Morton Finston 

Aeronautical Engineering Department 
Walter McKay 

Aeronautical Engineering Department 
Edward S. Taylor, Director 

Gas Turbine Laboratory Donald D. Thomas 
University of Maryland ea Mechanical Engineering Department 

Princeton University 

George F. Corcoran h H. Condit, Ch: 

Wilbert J. Huff, Director Sara? iy Martin Summerfield 

Mechanical Engineering Department Dept. of Aeronautical Engng. 
A. Wiley Sherwood Richard H. Wilhelm, Chairman 

Aeronautical Engineering Department Department of Chemical Engineering 
Charles A. Shreeve, Jr. eh NS. Purdue University 

Mechanical Engineering 
8. F. Singer 

Physics Department 


H. M. DeGroff 

School of Aeronautical Engineering 
Cecil F. Warner 

Mechanical Engineering Department 
Maurice J. Zucrow 

Gas Turbines & Jet Propulsion Dept. 
Rensselaer Polytechnic Institute 


Joseph V. Foa 
Aeronautical Engineering Department 


Michigan State University 
I. B. Baccus, Head 
Electrical Engineering 
C. F. Gurnham 


Newark College of Engineering 


University of Rhode Island 
Warren M. Hagist 

Mechanical Engineering Department _ 
University of Southern California 
H. P. Nielsen 

Mechanical Engineering Department _ 
J. S. Smatko 

Chemical Engineering Department 
Southwestern Louisiana Institute 
Pericle A. Chieri, Head 

Mechanical Engineering Department 
Stanford University 
L. 8. Jacobsen 


J. Kenneth Salisbury 
Stevens Institute of ag 
Alfred Bornemann 

Department 

Fluid Mechanics Department oats 
University of Tennessee 
J. F. Bailey 

Mechanical Engineering Department 
R. M. Boarts 

Chemical Engineering Department 
University of Texas 
Jack A. Scanlan, Associate Director 

Engineering Research Laboratory 
M. J. Thompson, Chairman 

Dept. of Aeronautical Engng. 
University of Toledo 


Andrew A. Fejer 
Aeronautical and Mechanical ac — 


Tufts College 
Thomas R. P. Gibb, Jr. 
Chemistry Department 
Alvin H. Howell 
Ernest E. Leavitt 
Mechanical Engineering 
Union College 
Augustus H. Fox 
Mathematics Department 
University of Utah 
E. B. Christiansen 
Chemical Engineering Department 
M. B. Hogan 
Mechanical Engineering Department 
Vanderbilt University 
R. T. Lageman 
Physics Department 
Peterson 
Chemistry Department 
Virginia Polytechnic Institute 
John W. Whittemore, Dean 
School of Engineering and Architecture 
University of Virginia 
Lawrence R. Quarles, Assistant Dean 
School of Engineering 
Washington University 
Charles J. Kippenhan 
Mechanical Engineering Department 
. J. W. Koopman 
‘Electrical Engineering Department 


University of Washington 


James H. Fisher 
Department of Electrical Engineering 


Wayne University 
Arthur A. Locke, Head 

Department of Aeronautical Engineering 
Harold Donnelly, Head 

Chemical and Metall. Engineering Dept. 
West Virginia University 
H. M. Cather 

Mechanical Engineering Department 
W. A. Koehler 

Chemical Engineering Department 
L. Z. Seltzer 

Aeronautical Engineering Department 
University of Wyoming 
E. J. Lindahl, Head 

Mechanical Engineering Department 
Yale University 
Barnett F. Dodge 

Chemical Engineering Department 


F. W. Keator 
Mechanica! Department 
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* Installation and Maintenance of 


Instrumentation Equipment 


Benefits to you include: prestige of association with the world leader in electronics « 
interesting assignments in missile testing « professional advancement « pleasant 
Florida living « liberal Company benefits « relocation assistance. 


Our new programs provide opportunities for electronic engineers and scientists, 
physicists, mathematicians, and opto-mechanica! engineers and scientists. You should 
have bachelor’s or advanced degree. Experience in data acquisition, transmission 
or processing desired. 


Send resume to: 
Mr. H. N. Ashby, Technical Employment 
Missile Test Project 

RCA Service Co., Inc. 

P.O. Box 1226, Melbourne, Florida 
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New Patents 


Mach number deviation indicator (2,726,- 
545). 
E. Smith, Downey, Calif., assignors to 
North American Aviation, Inc. 
Measurement is made of deviations in 
the ratio of stagnation air pressure to 
static air pressure from a predetermined 
yalue. An electrical signal proportional 
to the deviation supplies a restoring 
torque. 
Rocket motor (2,726,603). 
James III, Stillwater, Okla. 
Two-part rocket with separable rocket 
motor and containing an inert fluid in the 
warhead. Arupturable diaphragm sepa- 
rates tanks containing fluid oxidizer and 
fluid propellent fuel. Pressure is exerted 
by the fluid upon the oxidizer, and fuel 
expels them into the combustion chamber. 


Wade H. 


2,726,603 


Axial compressor (2,726,806). Francis 
H. Keast, Toronto, Canada, assignor to 
A. V. Roe Canada, Ltd. 

To impress air with desired flow charac- 
teristics upon finally leaving the compres- 
sor, the cross-sectional area of the annular 
passage diminishes progressively down- 
stream. The area at the first stage dimin- 
ishes at a rate less than the diminution 
rate at the last stage. 


2,726,806 
lh 


Reverse-flow vaporizer with single inlet 
and plural outlets (2,727,358). Leslie 
D. Howes, Nobel, Ontario, Canada, as- 
signor to A. V. Roe Canada, Ltd. 

Conduit in a gas turbine engine combus- 
tion chamber, U-shaped in vertical sec- 
tion. One of its side walls is fluted longi- 
tudinally to provide alternated convex 
and concave surfaces facing the interior 
of the conduit. 


reduction in aircraft (2,727,706). 
Louis F. Heilig, Manhattan Beach, Calif., 
assignor to Northrop Aircraft, Inc. 

Wing leading edge with permanent and 
temporary portions forming a blunt lead- 
ing edge for subsonic flight. At supersonic 
speed the temporary portion is separable 
from the permanent portion which has a 
sharp leading edge for supersonic flight. 


Steam generation and auxiliary engines for 
Tamjet engines (2,728,191). Hilton 
Wayne Casey, Chester, Pa. 

Hermetically sealed tank adjacent the 
combustion chamber for holding con- 
fined water heated to its critical tempera- 
ture. A valve controls the rearward dis- 
charge of water from the tank. 


2,728,191 


Wm. D. Mullins, Jr., and Robert ~~ 


2,728,295 
Multiple grain rocket (2,728,295). 


Sylvan 
Rubin, Wm. H. Corcoran, and Paul A. 
Longwell, Pasadena, Calif., assignors to 
the U. S. Navy. 

Rocket motor with a compartmented 
open-side cage and having beveled corners 
defining valleys flaring toward the shell. 
A grid on one end of the shell has compo- 
nents fitting in the valleys. 


Hydraulic drive powder catapult (2,728,- 
538). Bernard Mazis, Woodbury Town- 
ship, Gloucester, N. J. 

A U-tube with a piston moved by an ex- 
plosion in one chamber and another piston 
in the other end, with liquid between. 
Air jets in the packing gland blast off the 
cable liquid that escaped the packing. 


Continuous flow internal combustion en- 
gines, in particular aircraft engines (2,- 
729,059). Claude Foure and Lucien Rein- 
gold, Paris, France, assignors to Office 
National d’Etudes et de Recherches 
Aéronautiques (ONERA). 

Fuel injecting tubular element with out- 
lets distributed throughout its length and 
opening at a substantial distance from the 
duct walls. Means for supplying fuel to 
the tube, and a flameholder within the 
duct downstream of the tube. 


Fuel-air ratio control system for a ramjet 
engine (2,729,061). Louis N. Grafinger, 
Paramus, N. J., and Bernard J. O’Connor, 
Tuckahoe, N.Y., assignors to Bendix Avia- 
tion Corp. 

Ratio computer sensitive to the fuel and 
air supply pressures, a Mach number com- 
puter and a fuel supply control. The 
control maintains the fuel-air ratio at a 
selected value changing the ratio to main- 
tain the aircraft at a predetermined Mach 
number. 


= 4 
\ 


Combustion chamber for gas generation 
provided with cooling means, and a system 
for operati the same (2,728,192). 
Chandler C. Ross, Pasadena, Calif., as- 
signor to Aerojet-General Corp. 
Hydraulically operated system for con- 
trolling fuel flow of a gas turbine. A selec-— 
tive flow valve controls the direction of 


fluid from one side of a piston to the other. — 


After pressure in the cooling liquid line has — 
reached a predetermined value, the valve 
actuates automatically. 


George F. McLaughlin, Contributor 


Zero-length launcher for aircraft (2,729,- 
406). Orville J. Bush, Joppa, Md., assig- 
nor to The Glenn L. Martin Co. 

Bed carried on a frame for movement 
from a retracted to a launching position. 
An arm on the free end supports the front 
end of the aircraft. During launching, 
the arm swings forwardly and down- 
wardly and a shock absorber on the frame 
limits swinging movement of the arm, pre- 
ee rebound into the pa 
craft. 


Aerodynamic aircraft brake (2,729,409). 
George J. Hand, Sr., Baltimore, Md., 
assignor to Decelo-Chute Corp. 

A parachute with an automatic pilot 
chute attached contained in a storage tube, 
at the rear of the fuselage. A reel re- 
trieves the control line extending through 
- tube to store the canopy within the 
tube. 


2,729,937 


Retractable flameholders for afterburners 
(2,729,937). George F. Hausmann, Wind- 
sor, Conn., assignor to United Aircraft 


orp. 

Flameholder comprising a segmental 
grid, each segment pivoted in the outer 
duct wall and forming a quarter of a flat 
circular grid. A motor moves the seg- 
ments into the gas stream for operation, or 
al them into recesses in the outer 
wall. 


Ribless pulse jet valve grid (2,729,939). 
Lawrence F. Campbell, Silver Spring, Md. 

Pairs of metallic rectangular springs at- 
tached to the side of rods and mounted in 
a valve bank. Resilient members are 
sandwiched between each pair of springs. 


Jet engine fuel control with stall computer 
(2,727,357). Edward J. Hazen, Woodcliff 
Lake, N.J., assignor to Bendix Aviation 
Corp. 

Fuel supply operated in response to 
electrical signal voltage varying with 
changes in the prevailing air intake tem- 
perature. 


Airplane design (176,604). Wendell B. 
Fehring, Wichita, Kans., assignor to 
Boeing Airplane Co. a 


Eprror’s Note: 


Marcu 1956 


) i The patents listed above were selected from recent issues of the Official Gazette of the U. S. Patent Office. 
Printed copies of patents may be obtained at a cost of 25 cents each, from the Commissioner of Patents, Washington 25, D. C. 
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At IBM’s Vestal*, New York, Laboratory 
is gathered a group of computer engineers _ 
whose entire efforts are devoted exclusively 
to the development and perfection of 
airborne computers. 

In support of these engineers are the — 4 
finest IBM engineering facilities, experienced 
staffs of logicians, mathematicians and e 
other specialists, and an engineering know- 


the world’s finest mechanical, electrical “a We 
and electronic computing equipment. 


At the Vestal Laboratory, you’ll work in saute 
a climate of creativeness with stimulating 
associates on today’s most advanced projects. e : 


If you are an engineer with experience in any 
of the following fields, we’d like to tell you more 
about this unusual opportunity and outline other 
advantages of working with IBM: digital and 
analog computer circuitry and design— a 
transistor circuitry—electronic display 
systems—microwave theory and wave 
guide design—component application and 
evaluation—electronic packaging—power 
supply design—servo and servo-control 
systems—optics—systems analysis and 
operations research—instrumentation 
theory and design—field engineering. 

Write, outlining your interests and 
qualifications to: A. N. Hurst, Room 4503, 
International Business Machines Corp. 


Endicott, New York borer 
*near Binghamton and Endicott, N.Y. 


Producer of electronic 

data processing machines, 
electric typewriters, 

and electronic time equipment. 


FLIGHT 


RESEARCH 
ENGINEER 
needed 


To assist project engineer in 
planning test programs and in- 
strumentation requirements for 
flight research on aircraft han- 
dling characteristics. Would 
also assist in conducting 
flight operations aircraft 
with artificial stability charac- 
teristics, the analysis of test 
results, and the preparation 
of reports. Graduate study, 
or equivalent experience, in 
servomechanisms and system 
dynamics required. 


Aeronautical engineers are 
needed at all levels for many 
other assignments. Write for 
comprehensive list of current 
openings and for Laboratory 
brochure. C.A.L. employs 
more than 1100 people and is 
devoted primarily to research 
in the aeronautical sciences. 


frying to make it 


emaccerf 


Faced with “‘impossible"’ 
of design diminution, 
weight and size reduction, 
power and component capsulation? ¥ 
Send for complete story on how MPB’s 
oe 
BALL BEARINGS ACTUAL SIZE 
such as these are helping to make things 


smaller and smaller ana smatier. 
MINIATURE PRECISION BEARINGS, INC. 
20 Precision Park, Keene, N. H. 
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t Lockheed Missile Systems 
Division have created positions for Designers 
capable of performing creative basic layout 
and design of structural, mechanical, eee specific functions under Missile — 
electro-mechanical and electronic packaging _._ Systems Division’s philosophy 


of missile assemblies and components. : of operation. Diversified 
assignments provide stimulating 

challenge, enable Designers 

to acquire the broadest possible 

problems in a field of scientific endeavor tha Ps background in the field of 

grows daily in complexity. A knowledge missile systems design. For 

of new materials, finishes, specifications and example: it is not uncommon 


experience on small precision devices will for 
e : : to work on diverse problems 
prove helpful in meeting the challenge 
of Missile Systems research and development. hydraulics, pneumatics, electro- 
mechanical packaging, fuel 
systems and other fields within 
the span of a few months. 


gs Those who will qualify will cope with new 


Those possessing a high order of ability applicable 
to these areas of endeavor are invited to write: 


research and engineering staff 
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FOR THE QUESTION... 


THE ANSWER IS... 


\53+ MRT 


To obtain missile break-up 
data, the combination 

of Model A53 high current 
output accelerometers 
and a Model MR-1 
recorder has proven to 

be a successful system. 


STATHAM Model A53 
accelerometers produce 

a signal of +0.4 
milliampere into a 40 ohm 
load. They are small in 
size and light in weight. 


Please request 
Statham Bulletin 
No. A53. 


The Model MR-1 is a 
miniature airborne magnetic 
tape recorder manufactured 
by North American 
Instruments, Inc., 

2420 N. Lake Ave., 
Altadena, California, and 

is described in their 
Bulletin 104. 


* The formula “A53 + MR-1” 


Book Reviews 


Ali Bulent Cambel, Northwestern University, Associate Edito, 


Advanced Mathematics for Engineers, 
by H. W. Reddick and F. H. Miller 
(third edition prepared by F. H. 
Miller), 584 pp., John Wiley & Sons, 
Inc., New York. 

Reviewed by Parrick BENSON 
North American Aviation, Inc. 


Because of the vigor and clarity of the 
authors’ stvle, in addition to the applica- 
bility of the text and examples chosen, 
previous editions of this textbook per- 
formed an excellent job of introducing 
senior and first-year graduate students to 
advanced topics in mathematics. Casual 
inspection would not have revealed the 
need fora revision. Apparently, however, 
Dr. Miller had a clear enough view of the 
engineering field outside the walls of the 
school to see such a need and the revised 
book seems, all in all, to meet the require- 
ments of today’s students somewhat 
better. 

The largest changes have been made in 
the problem sections where further prob- 
lems were added and the average level of 
difficulty appears to be slightly higher. 
It was heartening to see that Dr. Miller has 
again included a complete list of answers, 
a practice which, unfortunately, appears 
to be falling out of favor. 

Included also is a discussion of Legendre 
functions and an accompanying set of 
problems of a formal kind. Applications 


and problems dealing with applications ar. 
given in a revision of chap. VII which js 
devoted to some of the classical examples 
of mathematical physics. This reviewe 
feels that a brief treatment on orthog. 
onality and orthogonal functions could 
have better integrated the dis-ussion of 
Fourier Series, Legendre, and Bessel func. 
tions and possibly would have increased 
the value of the text as a reference in the 
student’s later work. 

The emphasis on today’s needs is in eyi- 
dence throughout. Whereas the second 
edition ended the discussion of Proba. 
bility (chap. IX) with the method of least 
squares, the newer one includes a brief 
description of, and some problems on, the 
numerical methods for the solution of 
ordinary and partial differential equations. 

In Chap. XI, dealing with Operational 
Calculus, a part was added treating La- 
place transformations and their applica. 
tion in the solution of ordinary and partial 
differential equations. While the prob- 
lems in this part were obviously designed 
to be solved without the use of the usual 
tables, this writer would suggest that the 
inclusion of tables of operational and func- 
tional transform pairs could have ex- 
tended the usefulness of the book. 

An introductory appendix on Dimen- 
sional Analysis, a useful engineering tool, 
has been added. 

This text is primarily designed either to 


more performance 


at less 


pitch, and roll. 


Avugmentive Functions 
Available 


Solve for: Lift component ‘L' of a total aerodynamic force at -+-90° with 


respect to velocity direction of on aircrofft. 


Difficult problems—even twelfth-order differential equations and 
nonlinear equations—are no problem for the 

WEBER GENERAL PURPOSE ANALOG COMPUTER. 
equipment to present dynamic solutions.in acous- 
tics, aerodynamics, vibration, thermodynamics, structures, and chemis- 
try. As a simulator, the unit can be used to find operation parameters; 
to study missile trajectory and various aerodynamic factors of yawl, 


it requires no auxilia 


We think it’s the greatest thing since the Model T, and if 
you don’t believe you can get all of this for $8000, give us 
a chance to prove it to you. Write for more information. 


24 AMPLIFIERS: 
12 integrating/summation; 12 summation. 


A division of Weber Aircraft, 2820 Ontario Street, Burbank, Californie 


cost 


(-A) 
(1—A) + Ro 


DUAL OPERATIVE TIME, real and fast, with in- 
stantaneous switching and 5” dual beam scope. 


36 POTENTIOMETERS 


SIMPLIFIED EQUATION BOARD eliminates 
programming of problem. 


FUNCTION GENERATOR included as 
standard equipment. 


CABINET DESIGN provides sliding racks 
for individual component housing. 


ELECTRONICS 
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ycompany a course of instruction or for 
gif-instruction. Therefore it was read 
with the student in mind, and this re- 
viewer would unhesitatingly indorse it as 
a text for such purposes. There remains, 
however, the question of its utility to any- 
one engaged in a technical field who has 

beyond such a course or to any- 
one interested in gaining additional knowl- 
edge of any of the particular subjects 
treated in the text. In this regard, it 
gems unlikely that this book would be any 
better than the introductory chapters of 
specialized texts. 


The Lonely Sky, by William Bridgeman 
with Jacqueline Hazard, Henry Holt 
and Co., New York, 1955, 315 pp. 
$3.95. 

Reviewed by C. F. WARNER 
Purdue University 


“The Lonely Sky” is the graphically told 

story of an experimental high speed air- 
plane, the Skyrocket, and one of the test 
pilots who flew it. While much of the 
book may be classified as romantic, it 
does give a most interesting insight into 
the problems encountered in the testing of 
a rocket propelled aircraft at supersonic 
speeds. The first third of the book deals 
with William Bridgeman as a fighter 
pilot, his experiences during World War 
II, and his conversion into a test pilot of 
supersonic aircraft. The latter two thirds 
of the book give the reader the feeling of 
sitting beside Bridgeman as he puts the 
Skyrocket through its test flights cul- 
minating in the flight which established 
the world’s altitude record. 

The book is most enjoyable reading al- 
though it does not come up to the tech- 
nical standards set by either “V-2” or 
"The Viking Rocket Story.’”’ Because 
"The Lonely Sky’’ does tell the story of 
the early flights of a piloted rocket pro- 
pelled aircraft, this reviewer recommends 
the book to all ‘“‘rocketeers’’ as fascinating 
reading for an evening’s entertainment. 


Flight Handbook, by the Staff of Flight, 

edited by M. A. Smith, Philosophical 
Library, Inc., New York, 1955, 282 pp. 
$6. 


Reviewed by C. W. Fines 
North American Aviation, Inc. 


“It is the purpose of this new Flight 
Handbook to provide basic information 
on aeroplanes, their engines, and a great 
number of associated subjects.’’ The 
above quotation from the foreword of 
Flight Handbook is a reasonable state- 
ment of the accomplishment of the editor 
in compiling this volume. Its nineteen 
chapters include a brief discussion of the 
atmosphere; a survey of aerodynamics 
for the layman; a historical outline of the 
development of aircraft structures; de- 
scriptive material on landing gear, controls, 
propellors, auxiliary power systems, in- 
struments, cabin equipment, and arma- 
ment; and a discussion of navigation 
systems. Seventy-five pages are devoted 
to engines and engine installation with 
some material on ramjets, rockets, and 
pulsejets. A total of approximately fifty 
pages are devoted to fixed-wing powered 
aircraft, rotorcraft, gliders and sailplanes, 


Find out about the unequalled oppor- 
tunities at Martin—developers of Earth 
Satellite (Vanguard), Matador, Viking 
Rocket, the revolutionary Seamaster. 


Outstanding opportunities exist for: 


Test ENGIN 


POWER PLANT 
ANALYSIS ENGINEERS 


and balloons and airships. 


RCH 


Your resume will be treated with strict 
confidence. Write to J. M. Hollyday, 
Martin, Baltimore 3, Maryland. 
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New missile marches 


with the infantry q 


Modern foot soldiers do more riding than 
walking. Trucks, tanks and parachutes give 
the infantry high-speed mobility that calls 
_ for equally mobile support weapons. 
_ One such weapon is Honest John. Developed 
by Douglas in co-operation with Army Ord- 
5 nance, this new missile is a free-flight rocket 
_ without complicated guidance system. It moves 
_ quickly into position on a special truck that 
_ serves both as transport and launcher. Highly 
_ accurate, Honest John can handle either a 
nuclear warhead or a single explosive round 
of enormous power. 


Defense is everybody’s business. Development of Honest John 
by Douglas is an example of industry’s role in U.S. defense. But 
weapons need people to make them work. The Army needs young 
men and women who agree that “defense is everybody’s business.” 
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The U.S. Army's Douglas-Designed HONEST JOHN Artillery Rocket 
Depend on DOUGLAS First in Aviation 


Jet Propulsion Engines 


Study of the Power of Turbojet Engines, 
by M. Kobryuski, Recherche Aéron., no. 
4, July-Aug. 1955, pp. 57-59 (in French). 

A New to Turbojet and Ram- 
jet Engine Control, by Wendell E. Reed, 
§.A.E. Prepr. no. 612, Oct. 1955, 17 pp. 


Fuel Systems for Gas Turbine Engines, 
by O. N. Laurence, J. Roy. Aeron. Soc., 
- 59, Nov. 1955, pp. 727-737. 
Performance of 4,600-pound-thrust 
with Water-Alcohol Injection at Inlet, by 
Philip W. Glasser, NACA RM E50H07, 
Oct. 1950, 24 p . (Declassified from Con- 
fidential, Dee. , 1955.) 


Comparison of ‘a and Wind- 
Milling Drag Characteristics of an Axial- 
Flow-Compressor Type Turbojet 
by K. R. Vincent, S Huntley, and H. 
Wilsted, NACA RM E51 
1952, 10 pp. (Declassified from Confiden- 
tial, Dec. 2, 1955.) 

Preliminary Investigation of Several 
Target-Type Thrust-Reversal Devices, by 
Fred W. Steffen, H. George Krull, and 
Carl C. Ciepluch, NACA RM E53L15b, 
March 1954, 43 pp. (Declassified from 
Confidential, Dec. 2, 1955.) 

Velocity Tests of NRL Valveless Pulse- 
jet and Whirling Loss Evaluation, by 
C.D. Porter and M. A. Persechino, Naval 
Res. Lab. Rep. 4621, Nov. 1955, 17 pp. 


lechnical Literature Digest 


M. H. Smith, Associate Editor, and M. H. Fisher, Contributor 
The James Forrestal Research Center, Princeton University 


Altitude Investigation of Performance 
of Turbine Propeller Engine and Its Com- 
poet , by Lewis E. Waller and Martin J. 

NACA RM E50H30, Oct. 1950, 65 
pp. ( Declassified from Confidential, Dee. 
2, 1955.) 


Structural Design Problems in Gas 
Turbine Engines, by Philip N. Bright, 
Gen. Motors Engng. J., vol. 2, Sept.-Oct. 
1955, pp. 15-21. 


An Analysis of the Effect of Propellant 
Compressibility on the Dynamic Response 
of Structures Containing Propellant Feed 
Tanks, by Robert S. Wick, Palit, Inst. 
Technol. Jet Propulsion Lab. Prog. Rep. 
20-267, April 1955, 21 pp. 

Reaction of Oxygen Atoms with Ethyl- 
ene, by R. J. Cvetanovic, J. Chem. Phys., 
vol. 23, Aug. 1955, pp. 1375-1380. 


Rocket Propulsion Engines 


On the Heat Release Problem of High- 
Performance Rocket Propulsion, by 
Rudolf H. Reichel, Aeron. Engng. Rev., 
vol. 14, Nov. 1955, pp. 71-72. 

Rocket Engine Drives Missile Acces- 
sories, by R. L. Zimmerman. Aviation 
Age, vol. 24, Nov. 1955, pp. 166-171. 

ATO Rocket Burns Liquid Propellants, 
Aviation Age, vol. 24, Nov. 1955, pp. 142- 
145. 


Heat Transfer 
and Fluid Flow 


Dynamics of Vapor Bubbles and Boiling 
Heat Transfer, by H. K. Forster and N. 
Zuber, A.L.Ch.E. Journal, vol. 1, Dee. 
1955, pp. 531-535. 

On the Relativity Theory of Fluid 
Thermodynamics, by Pham Mau Quan, 
Ann. di Matematica, vol. 38, 1955, pp. 
121-204 (in Italian) 


Supplementary on Prandtl 
Number Determination by Means of 
Recovery Factor Measurements, by R. A. 
Seban and A. Levy, Project Squid, TR no. 
UCB-2-R, Nov. 1955, 4 pp (ASTIA AD- 
75,713). (Available only on microcard. ) 


On an Initial Value Problem of an 
Unbounded Incompressible Viscous Flow, 
HUE, Chow, Project Squid, TR no. 
JHU-9-T-P, Nov. 1955, 25 pp (ASTIA 
AD-75, 711). 
card.) 


Free-Convection Effects on Heat Trans- 
fer for Turbulent Flow Through a Vertical 
Tube, by E. R. G. Eckert, Anthony J. 
Diaguila, and John N. B. Livingood, 
NACA TN 3584, Dec. 1955, 24 pp. 


Wetting Effects on Boiling Heat Trans- 
fer, by W. B. Harrison, Zelvin Levine, and 
others, Georgia Inst. of Tech., Engng. Expt. 
Sia., Final Rep., March 1, 1954—-May 31, 
1955, 62 pp. 


(Available only on micro- 


DIFFUSION AND 
HEAT EXCHANGE 
IN CHEMICAL KINETICS 


By D. A. FRANK-KAMENETSKII 


The author, a leader in Russian science, 
here treats mathematically the subjects of 
reaction ignition, quenching, and periodic 
processes in chemical kinetics as found in 
flames, combustion of solids, and other 
Translated from the 
Russian by the late N. Thon, and edited 


chemical reactions. 


by R. Wilhelm. 


382 pages. 


Order from your bookstore, or 
PRINCETON UNIVERSITY PRESS 


Princeton, New Jersey 


Illustrated, paper bound. $6 


Designed expressly for airborne applications ¢ Accurate over wide 
temperature range e Internal adjustment and calibration 
Small: 2-13/16” L. x 2-1/4” Dia. over all — Light: 4 0z. 


SENSING ELEMENT 


“ALTITUDE ADJUSTMENT 10,000 to 30,000 feet. Models available for 
RANGE 2,000 to 60,000 ft.) 


Ni-Span C capsule, fabricated by Heliare weld- 
ing techniques, maintains accuracy of setting 
over wide temperature range. 


ACCURACY OF SETTING 


AMBIENT TEMPERATURE —65° F. to +250° F. 


1,000 feet 


VIBRATION 


MIL-E-5272A — Procedure | 


SWITCH 


Enclosed snap-action N.O. or N.C. 


SWITCH RATING 


20 volts, 2.5 amps inductive load at 50,000 


__ PRESSURE CONNECTION Ye N.P.T. per AND10053 (Optional) 


MOUNTING 


Stud type 


water 


craft pressure 
pressure switches, 
our engineering 


This highly sensitive 
the precision units pr 
Our complete line of pressure switches for modern aircraft 


covers 2 ee within the entire range of inches of 


sive facilities for developing. manufacturing and 
. ASK FOR DATA SHEET v4 


MANNING, MAXWELL & MOORE, 
AIRCRAFT PRODUCTS DIVISION, Danbury, Conn. 


6547 Altitude Switch is 
luced by Manning, Maxwell 


ical of 
Moore. 
Put our long experience and exten- 


testing air- 
work for Type 6a. Get details of our 
7, and inquire about 


INC. 
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ROCKET PROPULSION ENGINEERING 


ROCKET PROPULSION ENGINEERS are offered unusual career opportunities now 
at Convair in beautiful, San Diego, California, including: Design Engineers for 
design and analysis of advanced high performance rocket engine systems and 
components including propellant systems, lubrication systems, control systems, 
mounting structure, and auxiliary power plants; Development Engineers for 


liaison with Engineering Test Laboratories and Test Stations in the planning,. 


analysis, and coordination of rocket engine system and component tests; Devel- 
opment Engineers for coordination with Rocket Engine Manufacturers in the 
installation design, performance analysis, and development tests in conjunction 
with Convair missile programs. Professional engineering experience in rocket 
missiles and aircraft propulsion system development will qualify you for an 


exceptional opportunity. 


CONVAIR offers you an imaginative, explorative, energetic engineering depart- 
ment... truly the “engineer's” engineering department to challenge your mind, 
your skills, your abilities in solving the complex problems of vital, new, long- 
range programs. You will find salaries, facilities, engineering policies, educa- 
tional opportunities and personal advantages excellent. 

Generous travel allowances to engineers who are accepted. Write at once 
enclosing full resume to: 


H. T. Brooks, Engineering Personnel, Dept. 1415 


CONVAIR 


SAN DIEGO, CALIFORNIA 


3302 PACIFIC HIGHWAY picket 


SMOG-FREE SAN DIEGO, lovely, sunny city on the coast of Southern California, 
offers you and your family a wonderful, new way of life ...a way of life judged 
by most as the Nation's finest for climate, natural = and 


Combustion 


A Comparison of Combustion on in 
Intermittent Jet Engines, by D. F. Pang. 
burn, Rensselaer Polytech. Inst. * R no. 
AE-5504, Dec. 1955, 26 pp. 

A Literature Survey on Some Physical 
Aspects of the Combustion of Falling Fue} 
Drops, by Philip M. Blair, Project Squid, 
TN no. PUR-27-R, Nov. 1955, 79 Pp. 
(Available only on microcard. ) 

The Solution of the Equation for a 
Steady State, Low Velocity Flame by 
Means of Relaxation Methods, by Thomas 
F. Schatzki, Wisconsin Univ. Naval Res, 
Lab. CM-853, Sept. 1955, 136 pp. 

The Kinetics of the Thermal Decom- 
position of Nitrocellulose, by Robert W. 
Phillips, Charles A. Orlick, and Rudolph 
Stein reer, J. Phys. Chem., vol. 59, Oct. 
1955, pp. 1034-1039. 

Introduction Periods and Limits of Igni- 
tion in Sensitized Ignitions of Hydrogen 
and Oxygen, by P. C. Ashmore, 7'rans. 
Faraday Soc., vol. 51, Aug. 1955, pp. 1090- 
1104. 

Kinetic Study of the Steam-Carbon 
Reaction, by J. M. Pilcher, P. L. Walker, 
Jr, and C. C. Wright, Jndust. Engng. 
Chem., vol. 47, Sept. 1955, Pt. 1, pp. 1742- 
1749. 

Flame-Stability Limits of Ethylene, 
Propane, Hydrogen. and Nitro- 
* Mixtures, by Joseph Grumer, Margaret 

Harris, Harold Schultz, /ndust. 

Bike Chem., vol. 47, Sept. 1955, Pt. 1, 
pp. 1760-1772. 

Decomposition of Hydrocarbons, by 
H. R. Appell and C. V. Berger, Jndust. 
Engng. Chem. ., vol. 47, Sept. 1955, Pt. 
2, pp. 1842-1847. 

Application of Control Tests and Statis- 
tical Methods to the Study of Combustion 


in 
Inst. 


es, by B. Sale and E. Perthuis, 
rancais Pétrole. Rev. Ann. Combus- 


tibles Ligquides, vol. 


10, July 1955, pp. 


805-810 (in French). 


Spectrographic Study of Flame Fronts in 
the Laminar Regime, by S. Barrére, 
Recherche Aéron., no. 46, July-Aug. 1955, 
pp. 15-24 (in French). 

Study of Flame Kernel Behavior, by 

. K. Sherburne and C. F. Mozor, 
New Mexico Coll. Agr. and Mech. Aris. 
Interins TR no. 2, June 1954-Jan. 1955. 
33 pp. 

Boundary Layer Effects on Bluff Body 
Flame Stabilizers, by P. T. Woo, Project 
Squid. TR MIT-8-T, Sept. 1955, 11 pp. 
(ASTIA AD-70,002; available only on 
microcard ). 

Formaldehyde and the Oxidation of 
Methane, by M. Vanpee and F. Grard, 
Fuel, vol. 34, Oct. 1955, pp. 433-443. 


Influence of Hydrogen Sulphide on 
Blow-Off Limits of Hydrocarbon Flames, 
by P. F. Kurz, Fuel, vol. 34, Oct. 19585, 
pp. 463-470. 

Flow Experiments in Studying Kinetics, 
by Sabri Ergun, Indust. Engng. Chem., 
vol. 47, Oct. 1955, pp. 2075-2080. 


Thermal Decomposition of Nitric Oxide, 

Frederick Kaufman and John R. 

“ey J. Chem. Phys., vol. 23, Sept. 1955, 
pp. 1702-1707. 


Laminar Flame Speed Calculations on 
the Electric Analog Computor, by Louis 
Galan, Univ. Michigan, Jan. 1955, 25 pp. 
(a thesis). 


Flame Propagation in Alkyl Nitrate 
Vapours—Methyl Nitrate and Ethyl Ni- 
trate, by G. K. Adams and J. Scrivener, 
Gt. Brit. Explosives Res. and Dev. Estab. 


Bee. 36 pp. 
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Fuels, Propellants, 
and Materials 


Structure and Reactivity of the Nitrogen 
Dioxide- Dinitrogen Tetraoxide Sys- 
tem, by Peter Gray and A. D. Yoffe, 

i. Reviews, London, vol. 9, no. 4, 
1955, pp. 362-390. 
Data on the Kinetics of the Decomposi- 


tion of Hydrogen Peroxide in Alkaline | 
Medium, by L. Erdy and J. Inczedy, Acta | 


Chimica, Acad. Sci. Hungar., vol. 7, no. 
-2, 1955, pp. 93-115 (in German). 

Benedict Equation of State: Applica- 
tion to Vapor Liquid Equilibria, by E. J. 
Cullen and K. A. Kobe, A.J. Ch.E. J., vol. 
|, Dec. 1955, pp. 452-455. 

Thermodynamic Evaluation of Binary 
Vapour-Liquid Equilibria, by H. A. C. 
Thyssen, Chem. Engng. Sct., vol. 4, April 
1955, pp. 75-80. 

On the Solution of the System of Equa- 
tins in Internal Ballistics, by N. C. 
Patni, Proc. India Nat. Inst. Sct., vol. 3, 
May 28, 1955, pp. 196-217. 


Studies on the Preparation of Amino- | 


ethylcellulose Perchlorate and Other 
Fast-Burning Propellants, Wyandotte 
Chem. Corp., Summary Rep. no. 1, March 
|, 1954—March 1, 1955, 45 pp. 


Hot Pressed Boron Nitride, by K. M. 
Taylor, Indust. Engng. Chem., vol. 47, 
Dee. 1955, pp. 2506-2509. 

Special Refractories for Use Above 
1700°C., by O. J. Whittemore, Jr., Indust. 
Engng. Chem., vol. 47, Dec. 1955, pp. 
2510-2512. 

The Evaluation of Corrosion Resistance 
for Gas-Turbine Blade Materials, by 
W. E. Young, A. E. Hershey, and C. E. 
Hussey, 7T’rans. ASME, vol. 77, October. 
1955, pp. 985-994. 


Thermodynamic Properties of Some 
Gaseous Halogen Compounds, by William 
H. Evans, Thomas R. Munson, and 
Donald D. Wagman, J. Res. Nat. Bur. 
Stand., vol. 55, Sept. 1955, pp. 147-164. 

Stability of Jet-Turbine Fuels in Storage, 
by Charles A. Cole, Harry B. Minor, and 
others (Shell Dev. Co.), Wright Air Dev. 
Center, TR 53-63, Part 2, Feb. 1955, 
146 pp. 

Jet Engine Fuel Evaluation, by R. D. 
Miller, Sun Oil Co., Prog. Rep. 3, Jan. 
I7-March 18, 1955, 15 pp. 


Stability of Jet Turbine Fuels, by 
Harry B. Minor, Alan C. Nixon, and Roy 
E. Thorpe, Shell Dev. Co., Prog. Rep. 
|, Sept. 15, 1954-Jan. 15, 1955, 50 pp. 
(Rep. S-13631). 

High Temperature Stability of JP-4, 
by Richard Strauss, Wright Air Dev. 
Center, TN WCLP 54-109, June 1954, 19 
pp. 

Thermal Stability of Gas Turbine Fuels, 
by C. D. McLean and J. E. Goodrich, 
Calif. Res. Corp. Bi-Monthly Prog. Rep. 
5, Jan. 31, 1955, 10 pp. 


Freezing Point Determinations of the 
System HNO;-H,O-N.0,, by John S. 
Gordon, Wright Air Dev. Center, TR 54- 
495, Oct. 1954, 14 pp. 


Temperatures and Thermal Stresses in 
Missile Structures, by W. Berks, 
North Amer. Aviation, Inc. Rep. AL-1933, 
March 1954, 53 pp. 

Establishing Optimum Operating Con- 
ditions for Screw Extrusion of an Ethyl- 
cellulose Inhibiting Formulation, 
Harold F. Metcalf, John P. Vanderbeck, 
Rodney D. Sutherland, and Earl S. 
Eccleston, NAVORD Rep. 3438 (NOTS 
1040), July 1955, 45 pp. 
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23 “First in Rocket Power” 


whose minds 
travel 7 miles 


Here are futures not bounded by the narrow limits of specialization 
or regimented production. At Reaction Motors, YOU are the engineer. 


The problems provoked by man’s determination to conquer time and 
space, to establish service satellites, to master the force of gravity 


and to develop precision in rockets will challenge your creative abilities. = 


And the solutions add immeasurably to your professional stature. 


Here at RMI you have at your disposal the tremendous research “ae ns 


and the accumulated technical skill gathered through 14 pioneering years 
of rocket research and development. All the important speed and 
altitude records for planes and single stage rockets are held by aircraft 


or missiles powered by engines developed by Reaction Motors. ae 
If you ARE an engineer whose mind travels 7 miles per second, you'll Pe 
reap a richer harvest at RMI. And you'll enjoy working ina completely | 


equipped, brand new four million dollar plant in the heart of New Jersey’s 
lake and mountain resort area, just 50 minutes from New York City. 


We Have immediate Openings 
For Men With Experience or Training 
in The Following Fields: 


@ Stress Analysts—Aircraft © Solid Propellant Grain @ Formulation of Control 
Engines or Airframes Design for Seat Catapult System Problems, Sg 

e Environmental Testing Ejection Systems Computer Set-Up and 
of Components @ Thrust Chamber and Solution Analysis 

Aircraft Power Plant Injector Design and @ Rotating Machinery 
Installation Combustion Stability Design and Consultation — 

@ General Project Design and Development Rocket Engine Testing 
Engineering Work of Hydraulic, Pneumatic and Instrumentation = 


e Internal Combustion 
for Jet or Rocket y2 


and Mechanical 
Components and 
System Synthesis 


e Analysis and Consultation @ Preliminary Design or 


on Rocket Engines and Proposal Experience in 
Power Plant Systems Aircraft Power Plant Field 


e Engine Controls and 
Controls Systems 

e Design of Airframe 
or Aircraft Engine- 
Type Parts 

@ Servo-Mechanisms 


~ 
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Resume Including 
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REACTION MOTORS, INC. = Employment 
anager 


FORD ROAD DENVILLE, N. J. 
AFFILIATED WITH THE OLIN MATHIESON CHEMICAL CORP. 
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COMBUSTION AND 
PROPULSION RESEARCH 


Experiment Incorporated, a leading contributor to the 
development of missile propulsion systems for over 11 
years, is again expanding its operations. El’s programs 
cover a broad range of activities from fundamental re- 
search to design and fabrication of engines. 


ENGINEERS and SCIENTISTS with experience are needed 
for challenging and responsible positions in: 
Air-Turborocket Development @ Rocket Design and Testing 


@ Engine Component Design @ Propeliant Development 
@ Fundamental Combustion Research 


Located in suburban Richmond for over a decade, the 
SE CR company offers completely modern facilities, attractive 
working conditions and opportunity for individual responsi- 
bility. Living is pl t in Richmond and the company 


maintains competitive salaries with liberal benefit programs. 
A relocation allowance is provided new employees. 


For descriptive brochure, address inquiries to Personne! Manager. 
EXPERIMENT INCORPORATED 


RICHMOND 2, VIRGINIA 
RESEARCH - DEVELOPMENT - ENGINEERING - PRODUCTION 


‘Instrumentation and Ex. 
perimental Techniques 


Lead-Block Test for Explosives, | 
William E. Gordon, F. Everett Reed, and 
Bessie A. Lepper, Indust. Engng. Chem, 
vol. 47, Sept. 1955, Part 1, pp. 1794 
1800. 

The Measurement of High Speed Air 
Velocity and Temperature Using Sound 
Wave Photography, by D. EF. Elliott. 
Aeron. Quart., vol. 6, Aug. 1955, pp. 181 
195. 

High Temperature Thermocouple, by 
R. C. Jewell and E. G. Knowles, Metal 
Industry, vol. 87, Sept. 9, 1955, pp. 217- 
221. 

Proving Ground Instrumentation; Pa- 
pers Presented at a Technical Symposium 
Held at Air Force Missile Test Center, 
Patrick AFB, Fla., April 1955, Ameria 
Ordnance Assoc., June 1955, 147 pp. 

A Sensitive Manometer for Rapid 
Chemical Reactions, by Eric Rideal and 
A. J. B. Robertson, J. Sci. Instrum., vol 
32, Sept. 1955, pp. 349-350. 

Nine Tools You Can Use for High Pres. 
sure Measurements, Automatic Conirdl, 
vol. 3, Oct. 1955, pp. 16-17. 

Turbojet Airflow Technique Results in 
Compact High-Capacity Blower, Design 
News, vol. 10, Nov. 1, 1955, pp. 50-51. 

The Development of an Accurate Speed 
Measuring Device (the Tachronometer), 
by H. Shaw and W. E. Wilcox, Gt. Brit. 
Nat. Gas Turbine Estab. Mem. 216, May 


COMBUSTION 
RESEARCH 


Engineers needed with up to ten years’ experience for re- 
search in high speed combustion, fluid dynamics pertaining 
to jet propulsion, and in combustion in high compression ratio 
reciprocating engines. Work broadly covers the field from 
fundamental research to engine design. Opportunity for a 
career with a leading petroleum research company. 


Give full and specific details of education, desired salary, 
availability date, and references. All inquiries will be con- 
sidered promptly and held confidential. 


ESSO RESEARCH AND ENGINEERING CO. 


(Formerly Standard Oil Development Co.) 


Personnel Division _ 


--engineer 
ME, AE or EE ©] 


For Testing 
Nuclear Aircraft Engines 
and Components 


Moving into a new field is always 
a professional challenge. In air- 
craft nuclear propulsion, the im- 
portance of the field, its future ap- 
plications and the benefits of a GE 
career, add up to unmatched op- 
portunity for personal and profes- 
sional achievement. 


The position now open is one of im- 
portance, involving responsibility 
for major scale testing program of 
unique power plant configuration, 
as well as some design and de- 
velopment work on power plant 
components, 1 to 3 years’ ex- 
perience in design, development or 
test of complex, high performance 
engineer equipment required. 


Publication of research results in the 
appropriate classified or open literature 
is encouraged 


Openings in Cincinnati, Ohio and 
Idaho Falls, idaho 


Address Reply to Location You Prefer 


Aircraft Nuclear Propulsion Dept. 


GENERAL ELECTRIC 
Att: W. J. Kelly Att: L. A. Munther 
P.O. Box 132 P.O. Box 535 
Cincinnati, Ohio Idaho Falls, idaho 


JET PRropuLson 
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The key elements of the Kollsman Air Data 
Computer System are the Synchrotel Trans- 
mitters and the Pressure Monitors, using 
displacement type diaphragms, to provide 
the necessary inputs. These Kollsman units 
have had their reliability proven again and 
again by the thousands now in use. And, 
there is more than 28 years of unique expe- 
rience behind the development and perfection 
of the displacement type diaphragm by 
Kollsman. 

That’s why you can expect superb per- 
formance and accuracy characteristics in a 
Kollsman Computer. 

Perform functions virtually unlimited in scope 


Kollsman electromechanical computers are 
being used in autopilots; photographic, 
bombing and fire control systems; navigation 
equipment — some in conjunction with radar. 
Scope of design is almost unlimited. 


Air Data Master Air Data 
Ground Position (GPI) Static Pressure Correcting 


Temperature and Humidity 
True Airspeed and Mach Number, C-2A 


The outputs of such computers, having True Angle of Attack 
accuracies better than .5% of range Absolute Pressure 
are specified functions of the following: Indicated Airspeed 


plete technical 


ollsman 
+ 
LLSMAN PRODUCES: Flight Instruments « Precision Computers an 
ponents » Engine Instruments « Optical Systems and Components 


wigation instruments « Precision Flight Controls ¢ Motors and Synchr 
Precision Test Instruments for Aviation and Industrial Laboratorie 


Equivalent Airspeed _ Relative Air Density 
True Airspeed True Altitude Variation 
Mach Number True Temperature 


80-08 45th AVE, ELMHURST, NEW YORK « GLENDALE, CALIFORNIA ¢ SUBSIDIARY OF Standard COIL PRODUCTS CO. INC. 
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Doyle, Kitchen & McCormick, Inc,. New 
ork, N. 
J. Wheelock Associates, New poe, Ni ¥. 
Duetsch & Shea, New York, N. 
RocketpyNne, A _ Division North 
American Aviation Corporation 143, 
Batten, Barton, Durstine & Osborn, Los 
Angeles, Calif. 
STATHAM LABORATORIES, INC.. 
Western hase Agency, Inc., 
Angeles, Calif. 
Weser ELECTRONICS 
Buron H. Brown and Sigqf, Inc. 
WesTERN GEAR CORPORATION 
Ruthrauff & Ryan Inc., Los Angeles, Calif. 
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